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Electron-impact ionization of atoms and molecules is of great interest 
from both the theoretical and the experimental point of view. It plays a 
vital role in a variety of scientific and practical applications ranging 
from radiation chemistry and biology to astrophysics and atmospheric 
sciences. E.g., it has been discovered recently that low-energy 
electrons can significantly induce breaks in DNA strands via the 
dissociative electron attachment resonances and a superposition of 
various non-resonant mechanisms related to excitation-dissociation 
and ionization processes.  
In this PhD thesis, electron impact ionization and fragmentation of 
several relevant few-atomic molecules are studied experimentally. 
These are the industrially used tetrafluoromethane (CF4), the 
environmentally important carbon dioxide (CO2) as well as clusters of 
the ubiquitous water molecule (H2O)n.  
A so-called advanced reaction microscope (REMI) was used to 
perform the experiments where for a particular ionization event all 
charged fragments of the final state are detected in coincidence. As 
consequence the momentum vectors of all particles, the electrons and 
the ions as well as the ion masses are determined. Thus, energies and 
emission directions of all fragments are obtained and in many cases 
the full kinematic information on the reaction can be gained.  
Firstly, electron-impact ionization and fragmentation of CF4 at 
projectile energies E0 = 38 eV and 67 eV was studied. The momentum 
vectors of the two outgoing electrons and one fragment ion are 















 channels, we 
measure the ionized orbitals binding energies, the kinetic energy (KE) 
of the ions and the two-dimensional (2D) correlation map between 
binding energy (BE) and kinetic energy (KE) of the fragments.  From 
these spectra, we conclude which molecular orbitals contribute to 
particular fragmentation channels of CF4 and on the ionic potential 
curves. We find that the ionic states ?̃?, ?̃? and ?̃? all decay into the ?̃? 
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state before dissociation into CF3
+
 + F such that they provide identical 
KER spectra. We also measure the partial ionization cross sections for 




 ions as function of impact energy 
from 15 eV to 45 eV. According to these cross sections we could 
confirm resonance structures for both dissociation channels. Despite 
the very detailed measurement including, e.g. the electrons’ angular 
distributions it was not possible to draw a clear conclusion about their 
origin. We compare our data with earlier published measurements and 
calculations for electron-impact and photoionization 
Secondly, a combined experimental and theoretical study for electron-
impact ionization of CO2 for the projectile energy E0 = 100 eV was 
performed. Experimental triple-differential cross sections (TDCS) 





 a large part of the full solid angle was 
covered for the slow ejected electron with energies between 5 eV and 
15 eV. The experimental data were measured for the ionization of the 
three highest occupied molecular orbitals 1πg, 1πu, and 3σu which lead 
to a non-dissociating CO2
+
 ion. While the measured TDCS summed 
over all three orbitals are not absolutely normalized they are inter-
normalized across the scattering angles and ejected electron energies. 
We discuss how the pattern of the TDCS is related to the wave 
function of the ionized orbital in momentum space. Furthermore, the 
TDCS are compared to the theoretical results from the multi-center 
distorted wave (MCDW) approximation, and from the MCDW-WM 
approximation. The latter includes post-collision interaction (PCI), i.e. 
repulsion between the free electrons using the Ward-Macek factor 
(WM). Rather good agreement is found between the experiment and 
the MCDW-WM calculations in the coplanar, perpendicular and full 
perpendicular planes. In contrast, the MCDW method shows strong 
discrepancies with experiment for the secondary electron emission 
near the projectile forward direction which is a signature for the 
importance of PCI at the present low projectile energy.  
Finally, the ionization and fragmentation of small water clusters 
induced by electron-impact (81 eV) was investigated using the 
reaction microscope. Again all three charged final state particles, two 
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outgoing electrons and one fragment ion, were detected in triple-
coincidence such that the momentum vectors and, consequently, the 














) are identified in the measured 
fragment ion time-of-flight spectrum. The highly fragile dimer ion in 
literature was observed only for threshold ionization of the highest 
orbital 1b1 while we can identify for the first time a second production 
channel via ionization of the more strongly bound 3a1 orbital. The 
data from protonated cluster ions (H2O)nH
+
 are consistent with an 
ionization induced proton transfer reaction and emission of an OH 
radical. For ionization of the inner orbitals 3a1 and 1b2 additional 
neutral water evaporation was identified by the relative intensities of 
the BE peaks for the different cluster ion sizes. Finally for ionization 
of the inner-valence orbital 2a1 all neutral water molecules in the 
cluster are lost and H3O
+
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and BE for the CF2
+
 ion at electron impact energy of 38 eV. -------121 
Figure 5.6 (continued): (b) The binding energy spectrum. The solid 
circles with error bars are the experimental data. The red, green, and 
blue solid lines show the contributions of the orbitals 1e, 3t2 and 4a1 
respectively. The solid cyan line shows the sum of the Gaussians. The 
vertical red lines on the top of the figure indicate the energies of 
different molecular orbitals which contribute to the CF2
+
 ion yield, (c) 
The total KER distribution and KER for 1e (BE: 16–20 eV), 3t2 (BE: 
20–24 eV) and 4a1 (BE: 25–28 eV) orbitals. ---------------------------122 
Figure 5.6 (continued): (d) KE distribution. --------------------------123 
Figure 5.7: Partial ionization cross section for formation of CF3
+
. 
Circular symbols (blue) show the current experimental data. 
Curves marked with crosses (black), stars (red) and diamonds 
(green) are data from references [123,142,143], respectively.-------125 
 
Figure 5.8: Partial ionization cross section for formation of CF2+. 
Circular symbols (blue) show the current experimental data. 
Curves marked with crosses (black), stars (red) and diamonds 




Figure 6.1: (a) Energy sum spectrum for single ionization with a 
projectile energy E0 = 100 eV for Neon (Ne), (b) Respective binding 
energy spectrum. -----------------------------------------------------------133 
 
Figure 6.2: The CO2 1πg (a), 1πu (b), and 3σu (c) orbitals in position 
space. The central sphere is the carbon atom, the two spheres on either 
side are the oxygen atoms. (d), (e) and (f) are the respective 
momentum space densities. ----------------------------------------------135 
 
Figure 6.3: (a) Illustration of the scattering kinematics with incoming 
projectile momentum k0 along the z-axis and scattered projectile with 
momentum k1 and scattering angle 1 defining the xz-plane (red solid 
frame). The perpendicular (yz) and the full perpendicular (xy) planes 
are indicated by green (dotted) and blue (dashed) frames, respectively. 
The MCDW-WM cross section is shown for 1 = -20° and E2 = 5 eV. 
(b) - (d): The MCDW-WM cross sections for the individual orbitals 
contributing to the summed cross section shown in (a). --------------137 
Figure 6.4(a)-(d): Scattering (xz) plane triple-differential cross 
sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of CO2 
as a function of the ejected electron emission angle 2 for scattering 










 and for ejected-electron energies E2 = 
5 eV. Experimental data (solid circles with error bars) and theoretical 
results from MCDW-WM (thick magenta line), and MCDW (thin red 
line) are summed TDCS. Individual TDCS for 1πg (green dashed line), 
1πu (blue dotted line), and 3σu (cyan dash dotted line) orbitals are 
obtained by MCDW method. The vertical arrows indicate the 
momentum transfer direction +q and its opposite -q. -----------------139 
Figure 6.4 (continued): (e)-(h): Scattering (xz) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








  and for ejected-
electron energies E2 = 8 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
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for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 
dotted line) orbitals are obtained by MCDW method. The vertical 
arrows indicate the momentum transfer direction +q and its opposite -
q. -----------------------------------------------------------------------------140 
 
Figure 6.4(continued): (i)-(l): Scattering (xz) plane triple-differential 
cross sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of 
CO2 as a function of the ejected electron emission angle 2 for 








 and for ejected-electron 
energies E2 = 15 eV. Experimental data (solid circles with error bars) 
and theoretical results from MCDW-WM (thick magenta line), and 
MCDW (thin red line) are summed TDCS. Individual TDCS for 1πg 
(green dashed line), 1πu (blue dotted line), and 3σu (cyan dash dotted 
line) orbitals are obtained by MCDW method. The vertical arrows 
indicate the momentum transfer direction +q and its opposite -q. --141  
Figure 6.5(a)-(d): Perpendicular (yz) plane triple-differential cross 
sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of CO2 
as a function of the ejected electron emission angle 2 for scattering 








  and for ejected-electron energies E2 = 
5 eV. Experimental data (solid circles with error bars) and theoretical 
results from MCDW-WM (thick magenta line), and MCDW (thin red 
line) are summed TDCS. Individual TDCS for 1πg (green dashed line), 
1πu (blue dotted line), and 3σu (cyan dash dotted line) orbitals are 
obtained by MCDW method. --------------------------------------------145 
 
Figure 6.5(continued): (e)-(h):Perpendicular (yz) plane triple 
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 8 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 




Figure 6.5(continued): (i)-(l): Perpendicular (yz) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 15 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 
dotted line) orbitals are obtained by MCDW method. ----------------147 
 
Figure 6.6(a)-(d): Full Perpendicular (xy) plane triple-differential 
cross sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of 
CO2 as a function of the ejected electron emission angle 2 for 








 and for ejected-electron 
energies E2 = 5 eV. Experimental data (solid circles with error bars) 
and theoretical results from MCDW-WM (thick magenta line), and 
MCDW (thin red line) are summed TDCS. Individual TDCS for 1πg 
(green dashed line), 1πu (blue dotted line), and 3σu (cyan dash dotted 
line) orbitals are obtained by MCDW method. ------------------------149 
 
Figure 6.6(continued):(e)-(h): Full Perpendicular (xy) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 8 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 
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Figure 6.6(continued):(i)-(l): Full Perpendicular (xy) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 15 eV. Experimental data (solid circles with 
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Figure 7.1: Breakdown diagram for photoionization and dissociation 
of H2O according to [225]. -----------------------------------------------156 
Figure 7.2: Fragment ion time-of-flight (TOF) spectrum of small 
water clusters produced by electron-impact ionization. Shaded area 
represents TOF region without experimental detection. The inset 
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Figure 7.4:  The measured BE spectra corresponding to the ionization 
of water monomer H2O
+
 (a), and water dimer (H2O)
+
2 (b) induced by 
electron collision (81 eV). The open circles and open squares are the 
experimental data. The dashed lines are fitted Gaussian peaks 
corresponding to different ionization channels and the solid lines are 
the sum of the fits. The spectra are normalized to unity at the peak 
maximum and they are offset for better visibility. --------------------160 
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Figure 7.7: The measured BE spectra corresponding to the product H
+
 
from the ionization of water monomer in the BE range from 5 eV to 
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Starting from the 19
th
 century, collisions and scattering processes were 
important subjects of research in atomic and molecular physics.  
Collisions between the charged particles and atoms and molecules are 
fundamental few-body reactions and these are important in many 
natural phenomena, technical and practical applications. For example, 
they play an important role in radiation chemistry, plasma processing, 
reactive plasmas, atmospheric science and astrochemistry, non-
thermal processing, electron-induced processes in the environment, 
nanostructures and electron emitting devices, medical radio-therapy 
and molecular imaging. In recent years, additional interest has been 
arisen in the fields of biophysics and medical science where the 
charged particle impact on living matter has been studied, motivated 
by the development of new treatment methods such as heavy-ion 
cancer therapy [1]. The energetic primary ions penetrating biological 
tissue produce a large number of low energy secondary electrons 
which can play an important role in the efficient destruction of tumor 
deoxyribonucleic acid (DNA) [2]. 
In the late nineteen century (1888), studies on electrons penetrating 
through matter were performed in the experiments conducted by the 
German physicist Philipp Eduard Anton von Lenard. His studies are 
well known as cathode rays experiments. He obtained the Nobel Prize 
in physics in 1905 for his research on cathode rays which later were 
named electrons and the discovery of many of their properties.  The 
Rutherford scattering experiment with α-particles [3] has revealed the 
structure of the atoms. A milestone experiment has been performed by 
James Franck and Gustav Ludwig Hertz in the beginning of 20
th
 
century (1914). In this experiment, they have studied inelastic 




collisions between electrons and atoms and observed strong evidence 
of discrete excitation energy levels for the bound atomic electrons [4].     
In the years of 1930-1934, the first electron impact ionization 
experiments were performed to obtain the total and differential cross 
sections [5, 6]. Experiments on electron–molecule collisions where 
done by Richardson et al. [61] using molecular hydrogen as the 
simplest neutral molecule. Already very early first studies on the 
alignment dependence of the total cross-sections were carried out [7-
9]. Later angular distributions and the energies of the resulting 
protonic fragments were studied experimentally [10-15].   
Initiated by the impact of an electron on an atom or molecule, one 
bound electron may be ejected from the target, resulting in a cation 
and two electrons in continuum states. Thus, this process was called as 
(e,2e) reaction. Respective (e,2e) experiments measure the momentum 
vectors of both final-state continuum electrons. In this type of 
experiment, the kinematics is fully determined and, therefore, it is 
called kinematically complete experiment. (e,2e) measurements [62-
66], do not provide any information on dissociating molecular ions 
because of the detection of electrons only. Regarding electron impact 
ionization, the first kinematically complete experiment has been done 
by Ehrhardt [16]. In this study for single ionization of helium atoms 
the detection of both final state electrons allowed to fix their energies 
and to study their angular correlation. The reaction can be completely 
characterized by the fully differential cross section (FDCS) which is 
differential in the solid angles of the two outgoing electrons and the 
energy of one of them. The second electrons’ energy is fixed by 
energy conservation. The FDCS is a valuable benchmark for 
theoretical treatments and, therefore, provides important contributions 
to the detailed understanding of the dynamics of ionization processes. 
Similar types of experimental methods were used in the following 
years to investigate various kinematical regimes and different target 
species [39-42]. Studies ranging from simple diatomic molecules [45, 
46] up to larger molecular systems [47-49] were performed. 




Traditionally kinematically complete (e,2e) experiments are 
performed by using two separate electron spectrometers in the so-
called coplanar scattering geometry. One spectrometer detects the fast 
scattered projectile which together with the incoming electron 
determines the projectile scattering plane. A second spectrometer is 
used for detecting the slow ejected electron within the scattering plane 
and it is moved around the target to record its angular distribution. 
While the angular and energy resolutions of these experiments were 
good the combined detection efficiency was very small and, therefore, 
(e,2e) experiments were time consuming. 
The development of charged particle imaging methods in the 1990ties 
represented a significant progress over the conventional (e,2e) 
spectrometers originally designed by Ehrhardt and coworkers. This 
technique does not use movable detectors but all secondary electrons 
and also the ions are projected onto fixed detectors by means of 
electric and magnetic fields. The method was originally designed to 
progress experiments on heavy ion collisions [22] and photoionization 
and was restricted to ion detection. Since it encompasses a cold gas 
target to obtain a good ion momentum resolution it was named Cold 
Target Recoil Ion Momentum Spectroscopy (COLTRIMS). 
Subsequently, the reaction microscope (REMI) extended its 
functionality by implementation of a second detector to also detect 
electrons by Ullrich and co-workers [22]. This setup was 
demonstrated to be quite versatile and is now used to investigate 
ionization processes induced by all kinds of projectiles encompassing 
femtosecond laser pulses, energetic synchrotron radiation, free-
electron laser light, ions of all charge states and energies, positrons 
and electrons. The essential advancement over common (e,2e) 
spectrometers is the fact that the detection of electrons covers almost 
the full solid angle (≈ 4π) and a large energy range, and is not 
restricted to a single plane and a particular energy. This makes the 
reaction microscope much more efficient and additionally enables the 
coincident detection of the residual ion(s).  
A. Dorn and coworkers have performed experiments with the REMI 
initially with fast incident electrons [28, 29] and later M. Dürr and 




coworkers could extend their experiments to low impact energy [24-
27]. Most recently, a significant improvement of the REMI was the 
implementation of an electron beam source based on laser pulsed 
electron emission from a photocathode [30,75]. It has reached 
improved ion and electron momentum resolution. In typical electron 
impact ionization experiments, two outgoing electrons and one 
fragment ion are detected in triple coincidence. This is called 
(e,2e+ion) measurement [23,73] and allows to observe various 
quantities related to the collision. These are the angular distributions 
of the electrons and their energies from which in turn the binding 
energy of the ionized molecular orbital can be deduced. Additionally 
the charge to mass ratios of the ion, its kinetic energy and its angular 
distribution are determined. As result conclusions can be drawn on the 
dissociation of the molecular ion following ionization. This was 
demonstrated in earlier studies on molecules like methane (CH4) or 
tetrahydrofuran (C4H8O) [23, 73].     
The theoretical calculations of electron impact ionization are still very 
challenging because of the Schrödinger equation is not analytically 
solvable for more than two mutually interacting particles. As a result, 
for three or more particles involved, adapted theoretical approaches or 
models must be developed which normally include specific 
approximations. The validity of these models must be proven by 
comparison with experiment. I. Bray [37] and C. W. McCurdy and 
coworkers [38] calculated the solution of three-body problems at low 
impact energies on the basis of the (e, 2e) reaction on the simple 
atomic hydrogen system.  A number of theoretical methods have been 
developed in collision physics so far. Among them, the most basic 
models are the Born approximation which includes first and second 
order models and which is valid for high projectile velocities. In the 
First Born approximation (FBA) the projectile-target interaction is 
considered as a small perturbation such that the incident and scattered 
particles can be described as free plane waves and there is only a 
single first order interaction in the collision process. In case of Second 
Born approximation (SBA), two successive projectile-target 
interactions are considered. 




Another method is, for example, the Convergent Close-Coupling 
(CCC) method [31]. In this approach the time-independent 
Schrödinger equation is solved numerically in a non-perturbative way. 
The main objective of this approach is to solve collision problems also 
at low impact energy where the projectile-target interaction is strong 
and cannot be considered as a small perturbation. The time dependent 
close coupling (TDCC) approach expands the wavefunctions in terms 
of partial waves and then solves the time-dependent Schrödinger 
equation numerically. Colgan and co-worker first applied the TDCC 
to calculate the FDCS for ionization of atomic hydrogen [32]. A 
different theoretical approach was established by Brauner, Briggs, and 
Klar (BBK). They used an analytical three-body wavefunction in form 
of a product of three Coulomb (3C) functions to describe the 
interaction of all charged particles in the final state of the ionization 
process [19]. In this model, Coulomb waves for the two continuum 
electrons in the field of the ion and the Coulomb interaction between 
the two electrons (post collision interaction) in the final-state 
wavefunction are considered. Another theoretical method for electron-
impact ionization of more complicated targets is the distorted-wave 
Born approximation (DWBA) which includes the projectile target 
interaction before and after the actual collision. In the standard 
DWBA for ionization, the final-state wavefunction is represented as a 
product of two electron wavefunctions which contain no mutual 
electron-electron repulsion. Madison and co-workers reported the very 
first DWBA calculation for ionization of helium in 1977 [33]. The 
distorted-wave R-matrix by Bartschat and Burke in where a 'fast' 
ionizing electron is described by a distorted wave and both the initial 
target state as well as the continuum state consisting of the final ion 
and a 'slow' ejected electron, are expanded in terms of an R-matrix 
basis [35]. 
Compared to atomic targets theoretical calculations for impact 
ionization of molecular targets are even more difficult and normally 
do not produce accurate cross sections in shape and magnitude. Two 
out of several reasons are the non-spherically symmetric multi-center 
molecular potential which enables angular momentum exchange 
between the electrons and the ion and the spatial molecular orientation 




which must be considered. A rather successful theoretical approach is 
the molecular three-body distorted-wave approximation (M3DW) [34, 
69] which can be done with orientation-averaged molecular orbitals 
(OAMO) [67, 68]. If it is done with spatially oriented orbitals the 
obtained cross section must be averaged over all molecular 
orientations. Thus, a proper average (PA) over orientation-dependent 
cross sections is done [68]. Recently a new method has been 
developed by Zhang and coworkers in form of the multi-center 
distorted wave MCDW method [79, 80]. It explicitly considers the 
ejected electron wave to move in a spatially oriented multi-center 
potential. Several of the theoretical models mentioned so far do not 
account for the interaction of the two free electrons in the final state 
(post collision interaction, PCI) which can become quite relevant at 
small energies. Ward and Macek have derived a way to describe PCI 
approximatively in form of the so-called Ward-Macek factor (WM) 
[34, 81-83]. More details of the theoretical approaches are   described 
in the chapter 3.   
In the present thesis, experiments on tetrafluoromethane (CF4), carbon 
dioxide (CO2), and water clusters (H2O)n are performed. These species 
were chosen since they are relevant in technical applications, in the 
environment or in living matter and, nevertheless, they are of limited 
size and complexity. Therefore, theoretical ab initio calculations are 
feasible and their reaction dynamics can be conceived with state-of-
the-art experimental methods. Tetrafluoromethane (CF4) is one of the 
major fluorine containing molecules which is very important in 
semiconductor industry and used in etching processes [86]. It has 
good chemical stability, a high degree of symmetry and shows an 
unusual dissociative behavior of its ions [87–89]. The absorption 
ability of infrared radiation of this molecule is large and consequently, 
it is a potent greenhouse gas and in the earth atmosphere it contributes 
to the global warming. The experiment on tetrafluoromethane (CF4) 
molecules by electron impact ionization provides original information 
on relative fragment production intensity, binding energies (BE), 
kinetic energies (KE), kinetic energy release (KER) and partial 
ionization cross sections. This information is valuable to better 




understand the electron impact ionization dynamics of polyatomic 
molecules and can be useful for modelling of applications.  
Carbon dioxide (CO2) is a triatomic linear molecule and plays vital 
roles on earth. To atmospheric air, it contributes with about 0.04 % 
and this number gradually increases day by day. It contributes to the 
global warming and can be responsible for the long term climate 
change of the earth. To produce sugars and starches in photosynthesis, 
all plants use CO2. In research, CO2 is important in applied fields from 
astrophysics and aeronomy to plasma chemistry, and it is the main 
component in the atmospheres of Venus and Mars. In the laboratory, 
CO2 is widely used in various discharges, plasmas, laser systems and 
more. As CO2 is one of the simplest triatomic molecules, it is a regular 
object of investigations in atomic and molecular physics.  The present 
study of (e,2e) triple differential cross sections (TDCS) for carbon 
dioxide represents an important step experimentally as well as 
theoretically towards the understanding of its ionization dynamics 
over a large range of kinematics at low electron-impact energy.  
Finally, water (H2O) is ubiquitous on earth, it surrounds all biological 
matter and is of paramount importance for life and our environment. 
Understanding the electron-driven processes in aqueous systems is of 
great importance because they can efficiently produce highly reactive 
radicals and charged species, which have crucial roles in a variety of 
fields, such as radiation chemistry, reactive plasmas, atmospheres and 
environment. Water clusters are one of the most important hydrogen 
bonded systems because of their unique role in both fundamental 
research and a wide range of applied fields. In the present work the 
ionization and fragmentation processes of small water clusters are 
studied with (e,2e+ion) method. We measure the kinetic energies of 
two final-state electrons together with one resulting cluster cation, e.g. 
the protonated hydronium ion (H3O
+







 and the non-protonated water dimer 
ion (H2O)
+
2. The kinetic energy distribution for a specific cluster ion 
and the corresponding BE spectrum are obtained and compared to the 
results from the ionization of the water monomer (H2O). These results 




provide new insight on the hydrogen bonding of neutral water 
clusters. 
The work presented in this thesis is motivated by the importance, 
useful applications as well as understanding the collision physics 
which are discussed above. It represents a step towards understanding 
electron-molecule collisions, single ionization of molecules, 
dissociation of molecules, and more complex molecules and clusters.  
In particular, in the scope of this thesis, measurements are carried out 
by a reaction microscope combined with a pulsed photoemission or 
photocathode electron beam at the different projectile energies. As 
mentioned above an electron-electron-ion triple coincidence technique 
or (e,2e+ion) method has been used to study the various ionization 
channels in electron-impact ionization and fragmentation of 
molecules. This method can identify not only the channels with the 
least ionization energy but also all channels whose ionization energy 
is below the incident electron energy causing specific ions. In 
addition, the triple differential electron-impact ionization studies are 
well known as (e,2e) provides the richest information for 
understanding the dynamics of the reaction process and also the 
dynamics of the target for ionization of molecules.  
This thesis work is organized in following manner: In the second 
chapter, a detailed discussion of electron impact ionization and 
dissociation is given. The theoretical frameworks are also elaborated 
in this chapter. 
The third chapter is dedicated to the experimental setup, presenting 
the newest developments of the reaction microscope. In fourth 
chapter, data analysis and calibration procedures are discussed in 
detail.     
The first experimental results are summarized in chapter 5. Here the 
ionization and fragmentation of the tetrafluoromethane (CF4) 
molecule induced by low energy (E0 = 38 eV and 67 eV) electron-
impact is discussed.  The momentum vectors of the two outgoing 
electrons (energies E1, E2) and one fragment ion are detected in triple 
coincidence (e,2e+ion).  After dissociation, the fragment products 



















channels, we measure the ionized orbitals binding energies, the kinetic 
energies (KE) of the charged fragments and the two-dimensional (2D) 
correlation map between binding energy (BE) and kinetic energy (KE) 
of the fragments.  From BE and KE spectra, we can conclude which 
molecular orbitals are responsible to form the particular fragments of 





 as function of projectile energy. We compare our 
results to the earlier experiments and calculations for electron-impact 
and photoionization.    
In the chapter 6, both experimental and theoretical results of the 
electron-impact ionization of carbon dioxide (CO2) at relatively low 
impact energy of E0 = 100 eV are presented. The experimental data 
were measured by using the reaction microscope, covering nearly the 
entire 4π solid angle for the secondary electron emission over a range 
of ejection energies. The summed triple differential cross sections 
(TDCS) for the ionization of highest 1πg, 1πu, and 3σu orbitals leading 
to a stable CO2
+
 cation are presented for different kinematical 
conditions. The experimental TDCS are internormalized across the 
measured scattering angles and ejected energies and compared to the 
calculation of the multi-center distorted wave (MCDW) method and 
MCDW results with the Ward–Macek (WM) approximation.  
In the chapter 7, the ionization and fragmentation of small water 
clusters (H2O)n induced by electron-impact (81 eV) is investigated. 
Nonprotonated [H2O
+
, and  (H2O)
+









) are identified in the measured 
fragment ion time-of-flight spectrum. The ionization and 
fragmentation channels for the formation of these species are 
investigated by measuring the ion kinetic energy distributions and the 
binding energy spectra.  
Finally, the thesis will complete with a summary and conclusions, 
where we discuss the main findings of this work and what we can 
convey to the physics community. In addition, we also discuss future 
plans. 














In this chapter, the fundamentals of collision processes between the 
incoming projectile electrons and the target atoms/molecules are 
discussed. We present the basic principles of (e,2e+ion) experiments.  
General ideas of kinetic energy release (KER), Frank-Condon 
principle (FCP), vertical and adiabatic transitions are also presented in 
this chapter. Furthermore, some relevant theoretical frameworks are 
briefly described. 
    
2.1 Types of collision processes 
In an electron-atom/molecule collision process, an incident 
projectile electron collides with a target atom or molecule. During 
the process, there are a number of reactions that can occur, which 
can be classified into two major types such as elastic and inelastic 
collisions.  
(i) Elastic collision: When the internal state of the atom or 
molecule remains unchanged during the scattering or 
collision process then this type of collision process is 
known as elastic collision. Example:   
   
                                          H2 + e
-
 → H2 + e
- 
                           (2.1) 




(ii) Inelastic collision: When the internal state of the atom or 
molecule is changed or the molecule gets ionized or 
dissociates during the collision process then the processes 
is known as inelastic collision. Example:  
 










            (2.2) 




Figure 2.1:  The different types of elastic and inelastic scattering 
processes. 
 
2.2 The basic principles of (e,2e+ion) experiments 
2.2.1 Electron impact single ionization process  
In the electron impact ionization process, an incident projectile 
electron collides with a target gas followed by a removal of one or 
more electrons from the target. There are many types of ionization 
Chapter 2: Electron Impact Ionization and Theoretical models 
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processes that can occur which are mentioned above (section 2.1). 
One of them is single ionization in where the incident electron 
releases one electron from the target atom or molecule. For an 
example, if hydrogen molecule (H2) is a target molecule and supposed 
to be in the ground state, then the direct single electron impact 
ionization can be expressed as:  
       
0 0 0 2 2 1 1 1 2 2 2
( , ) ( , ) ( , )( )ione E p H H e E p e E pp
   
                   (2.3) 
Here, the incoming projectile electron 𝑒0
− with energy of E0 and 
momentum of 0p   collides with hydrogen molecule. After the 
collision there are two outgoing electrons (𝑒1
− is the scattered electron 
and 𝑒2
− is the ejected electron) and one positive ion H2
+
 with 
momentum ionp . Here, E1 and 1p   are the energy and momentum of 
the scattered electron, and E2 and 2p   are the energy and momentum 
of the ejected electron.   
 
2.2.2 Electron impact dissociation process 
If the electron transfers sufficient energy, the parent molecular ion (for 
an example H2
+
) may undergo dissociative ionization.   
                         
0 2 2 1 22e H H e H H e e
                           (2.4) 
where H
+
 is the dissociation (proton) and H is  a neutral hydrogen 
atom.    
The dissociation of a molecule can take place via different reaction 
pathways such as, (a) ground-state dissociation (GSD) or direct 








2.2.2.1 Ground-state dissociation(GSD) or direct 
dissociation (DD)  
When the ionization process excites the vibrational continuum of the 
electronic ground state of the ion, then the reaction is called ground-
state dissociation (GSD). E.g. in case of the hydrogen molecule this 
can happen at small internuclear separations of the neutral molecule at 
the margin of the Frank-Condon (FC) region as shown by the red 
arrow in Figure 2.2. Finally, the dissociation products are a proton 
(H
+
) and a neutral hydrogen atom (H) in its ground state. The kinetic 
energy release (KER) of this GSD is very low. In principle, the ground 
state dissociation is almost identical to non-dissociative single 
ionization of H2, but it needs more energy to dissociate into H
+
 and H.      
                                 0 2 1 2e H H H e e
                                (2.5) 
In this reaction a fraction of the molecular ions dissociate despite that 
there is a minimum in the potential energy curve and bound states 
exist. On the other hand ionization can lead to a purely repulsive 
potential energy curve such that all ions in the particular electronic 
state will dissociate. This process we name direct dissociation. 
 
 2.2.2.2 Autoionization (AI)  
During the collision process, atoms or molecules may be excited to 
states which in turn spontaneously decay by electron emission. Such a 
radiationless transition mechanism is known as autoionization (AI). 
An autoionizing state lies energetically above the lowest ionization 
threshold, embedded in the electron-continuum.  E.g. the simultaneous 
excitation of two outer-shell electrons can satisfy this energy 
requirement. Doubly excited electron systems have been widely 
studied, e.g., in case of rare gases [222-224]. 
As an example we consider a collision process involving a hydrogen 
molecule (H2) as shown in Figure 2.2.  After the collision, it is in the 




2( )H (transition 1 in Figure 2.2) which is 
repulsive and therefore dissociates along pathway 2. Within a certain 
time, it can spontaneously emit one of the outer-orbital electrons as it 
is shown by transition 3 in the Figure 2.2. Going from an electrically 
neutral state to a singly ionized state. This type of reaction process is 
shown by the following equation: 
                     
1 ** 1
2 2 2g gH e H e H H e
                         (2.6) 
When in the doubly excited state one electron goes back in the ground 
state giving energy to another electron then autoionization has 
occurred.  If the kinetic energy A obtained by the dissociating nuclei 
before autoionization is higher than the binding energy D of the nuclei 
directly after the transition (3) then the molecule dissociates. 
 
Figure 2.2: Potential energy curves of hydrogen molecule (H2) with 
illustration of two dissociative ionization channels of ground-state 
dissociation (GSD), and autoionization (AI) [91].  
 




 2.3   Ionization potential (Binding energy) 
The ionization potential (IP), ionization energy (IE) or binding energy 
(BE) is the energy necessary to remove an electron from a particular 
orbital of a neutral atom or molecule, resulting in a positive ion 
(cation).  
In the electron impact ionization and fragmentation process, the 
ionization potential is also known as the binding energy of the ejected 
electron, and can be defined as: 
                           Binding Energy, Eb = E0 – (E1 + E2)                 (2.7) 
where, E0, E1, and E2 are the energy of projectile electron, scattered 
electron and ejected electron respectively.  
The energy required to release one electron from an atom's/molecule's 
highest outer most orbital (HOMO) is known as first ionization 
potential while more energy is required to remove a second electron 
(second ionization potential) or electrons from inner shells.   











. The first, second and third ionization potentials are  
15.759 eV, 27.629 eV and 40.74 eV, respectively.   
 
2.4  Total  energy and momentum 
The total energy of the collision process must be conserved and 
therefore the incident electron energy (E0) is equal to   
                                    E0 = IP + E1 + E2                                      (2.8) 
The kinetic energy of the ion can be safely neglected due to its high 
mass. The ionization potential (IP) is the binding energy (BE) of the 
ejected electron as discussed above in section of 2.3.  
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 For a given projectile energy E0, to release a bound electron to the 
continuum, the ionization potential (IP) has to be exceeded and the 
excess energy E0-IP can, in principle, be shared arbitrarily between the 
electrons in the final state. The ion, emerging from the reaction can 
also experience a momentum change.  
The total momentum of the collision is also conserved. Therefore,                  
                                          0 1 2 ionp p p p                                  (2.9) 
where ionp  is the momentum of the residual ion and can be obtained 
by the equation of (2.9) as: 
                                    0 1 2ionp p p p                                      (2.10) 
The momentum transferred (q) by the scattered electron is given by 
                                         0 1q p p                                          (2.11) 
If p1 is the momentum of the scattered projectile. The momentum 
transfer (q) plays an important role in the collision dynamics in the 
asymmetric geometry, which is revealed in the angular emission 
pattern of the ejected electron.   
 
2.5  Kinetic energy release (KER)  
The kinetic energy release (KER) reveals the nature and shape of the 
potential energy curve of the molecular ion.  
During the dissociation of the target molecule, energy is converted 
into the kinetic energy of ionic and neutral fragments. The KER of the 
fragments in the final state gives important information on the 
dissociative ionization process. It discloses the dynamics of how these 
fragments are formed and determines the energy deposition pathways 
for the molecule under study. 




The KER is the sum of the kinetic energies of the ion and the neutral 
fragments formed in the dissociation process. If   mion and ionP   are the 
mass and momentum of the fragment ion respectively, and  mneutral 
fragment  and neutral fragmentP  are the mass and momentum of the neutral 
fragment of atom or molecule respectively then, the kinetic energy 
released (KER) is given by 










                         (2.12a) 
The kinetic energy (KE) of an ion is given by the following equation: 








                                       (2.12b) 
The Figure 2.3(a) shows a diagram of the typical kinetic energy 
distribution (KE) of argon ions (Ar
+
) from ionization of argon atoms. 
Figure 2.3 (b) shows the kinetic energy release (KER) of the (CF3
+
+F) 
channel for ionization of CF4 molecules. Due to the kinetic energy 
gained in the molecular dissociation the KER histogram exhibits a 
much broader distribution and higher range of numerical values 
compared to the KE for atomic ionization.  For an example, the kinetic 
energy of Ar
+





 + F)  dissociation channel is about 1.00 eV. 
 
 





Figure 2.3: (a) The kinetic energy (KE) distribution of Ar
+
, ionized by 
67 eV electron impact (b) The total kinetic energy release (KER) 
distribution of (CF3
+
 +F) channel for ionization of CF4 by 67 eV 
electron impact. 




2.6   Franck-Condon principle (FCP)  
The Born–Oppenheimer approximation (BOA) states that the motion 
of atomic nuclei and electrons in a molecule can be separated. This 
also allows the wave function of a molecule to be broken into its 
electronic and nuclear (vibrational and rotational) components.   
In 1925 Franck, and later (1928) Condon developed an idea about the 
transition from neutral atomic or molecular state to ionic state which 
can be stated as: “An electronic transition is so fast compared to 
nuclear motion that the nuclei have nearly the same position and 
momentum after the transition as before”. 
According to the Franck-Condon principle, during the ionization 
process no changes happen in the nuclear separation and in the 
velocity of relative nuclear motion. This is due to the great ratio of 
nuclear to electronic mass (1836) and the short interaction time. 
Therefore, in this case, the point on the upper potential-energy curve 
(corresponding to the configuration after the transition) lies directly 
above the starting point on the initial potential energy curve.  
For an example, if an electronic transition is very fast, the nuclei have 
the same position before and after the transition, then points A and B 
lie along a vertical line (r remains constant during the transition) as it 
is indicated in the Figure 2.4. This is known as a vertical transition. 
The corresponding transition region is called Franck-Condon (FC) 
region. The center of the FC region refers to the position where the 
probability of the allowed transition is maximum. In the Figure 2.4, 
the FC region is indicated by a green double arrow.  
Another possibility is a slow adiabatic transition where the 
internuclear separation (r) does not remain constant, which means 
internuclear separation has changed during an adiabatic transition. In 
the Figure 2.4, it is shown by a red line.    
 
 




Figure 2.4:  Illustration of the Franck-Condon (FC) region. 
 
For a fast Franck-Condon transition the probability of a transition 
from a vibrational level v´ of the neutral state to a particular 
vibrational level v´´ of the ionic state is given by the Franck-Condon 
factor (FCF), which is overlap between the two vibrational states of 
neutral and ionic state of a molecule. The FCF determines the 
occupation of the vibrational states in an ionic molecule.   
                               
2
FCF                                              (2.13) 




 where    is the vibrational wave function of the neutral initial state 
and   the vibrational wave function of the ionic final state, 
respectively. 
Furthermore, the removal of an electron by an ionization process often 
leads to a weakening of the bond strength in the ion, and as a 
consequence, in a higher bond length. The greater the difference 
between the initial and final state geometry, the more likely it is that 
vibrationally excited states are populated through a vertical transition, 
assuming that sufficient energy is available. In conclusion, the Franck-
Condon principle (FCP) can be used to treat quantitatively electron 
impact ionization (fragmentation) of molecules. 
 
2.7  Classification of energy of projectile electron 
In the (e,2e+ion) measurement, the energy of the incoming projectile 
electron (E0) plays a crucial role in the reaction dynamics for a 
particular target gas. On the basis of ionization potential (IP), the 
projectile electron energy (E0) can be classified into four regimes as 
below: 
(i) High energy (E0 > 20 IP) 
(ii) Intermediate energy (E0 < 10 IP) 
(iii) Low energy (1.5 IP ≤ E0 ≤ 5 IP) 
(iv) Threshold energy (E0 ≈ IP) 
 
2.7.1 High Energy projectile electron 
When the incoming projectile electron energy is greater than about 
twenty times (E0 > 20·IP) of the ionization potential, then the 
interaction period is very short and the projectile electron is normally 
scattered to small angles as well as the momentums transfer q  also is 
small. For theoretical description, the first Born Approximation (FBA) 
is valid within this high energy region where the incoming and 
outgoing projectile electron is described as plane waves. In this case, 
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only a single interaction between projectile electron and the bound 
electron of the target is considered. Due to single interaction, the 
ionization process is independent of the charge sign of the incoming 
projectile particle. Therefore, the cross-section is identical for any 
incident particle as for example electrons, positrons, and heavy ions. 
The mandatory condition is that the incoming projectile particles must 
have the same velocity and absolute value of charge. The energy 
sharing between the outgoing electrons normally is highly asymmetric 
in this high energy regime and, therefore, the scattered projectile and 
the ejected ionized electron can be distinguished. The scattered 
projectile electron carries almost all the excess energy after the 
collision process, and on the other side the ejected electron (slow 
electron) only has a very little energy.  
In electron impact ionization, the probability for the (e, 2e) process is 
expressed in terms of a differential cross section (DCS). There are 
different types of cross sections: normally, the total cross section, the 
singly, doubly, and triply (or fully) differential cross sections. The 
TDCS is a cross section which differentiates the solid angles of both 
outgoing electrons and the energy of one of them, i.e. TDCS = 
d
3
σ/dΩ1dΩ2dE2, where dΩ1,2 denote the emission angles of the two 
outgoing electrons and dE2 is usually the energy of the low energy 
(ejected) electron, and the energy of the other electron is fixed by 
energy conservation. These three parameters are fixed the momentum 
vectors of all final state particles via momentum and energy 
conservation.  This type of cross section determines all the kinematics 
of the electrons involved in the ionization processes. For an example, 
when a projectile with a momentum 0p  coming from below, scattered 
under some angle with a momentum 1p  in the final state. The 
momentum that is transferred to the target system is denoted by q . 
This observable is known as the momentum transfer and can be 
derived 0 1q p p  [Figure 2.5(b)]. It is, of course, implied that the 
projectile can be distinguished from the ejected electron. Finally, the 
emission pattern of the ejected electron is measured, while the 
scattering angle of the projectile and therefore the momentum transfer 
(amount and direction) is fixed. 




Generally, it is observed that the (e, 2e) triply differential cross 
sections (TDCS) have two lobe structure as indicated in Figure 2.5 
(b). One lobe is in the forward direction along the momentum transfer 
direction: + q. This lobe is well known as binary lobe and formed by a 
single collision between the projectile electron and bound electron of 
the target molecule. The other one is recoil lobe at the angular region 
opposite to the momentum transfer direction: - q. This lobe arises 
from a process in which the emitted electron produced by the binary 
collision is scattered into the backward direction in the ionic potential. 
 
 
Figure 2.5.: Angular distribution of ejected electrons for: (a) 
photoionization and (b) electron impact ionization of helium. In (a) 
the propagation direction of the light field is denoted by γ and its 
polarization by  , while in (b) the projectile electron momentum is 
denoted by 0p , the scattered projectile momentum and the momentum 
transfer by 1ep  and q , respectively [92].  
 
On the basis of the magnitude of momentum transfer q , we can 
categorize three major types which have an important influence on the 
cross section pattern as explained in the following:   
(i) When the momentum transfer q  is large (maximum) and 
the ejected electron is fast, it is essentially only emitted into 
Chapter 2: Electron Impact Ionization and Theoretical models 
25 
 
the direction of the momentum transfer ( q ), and no 
electron emission is observed in the opposite direction
( )q . Consequently, there is no recoil lobe in the cross 
sections and this type of collision is well-known as the 
impulsive binary collision regime. In this case, all the 
momentum is transferred to the bound electron in a single 
binary collision. The residual ion and the remaining target 
electrons do not participate in the collision and are 
spectators.  
For a helium atom, the Figure 2.5(b) shows, an angular 
distribution of ejected electrons for a high energy 
projectile, and a large momentum transfer q . A large 
binary lobe along the momentum transfer direction ( )q  is 
found, and only a small recoil lobe along the opposite 
direction of the momentum transfer ( )q . Symmetric 
conditions have to be applied to maximize the value of 
momentum transfer q . Therefore, putting the conditions of 
equal energy sharing of  E1 = E2  and equal scattering 
angles of roughly 45°, provides the largest possible 
momentum transfer. In Figure 2.6 (right column) an 
example is shown for both s and p atomic orbitals where 
the cross section along the momentum transfer direction 
exhibits a maximum (for s orbital) and a minimum (for p 
orbital), respectively [18]. These differences are related to 
the electron momentum distribution in initial bound s and p 
orbitals. 
 
(ii) When the momentum transfer q  and the ejected electron 
energy is intermediate (medium), the size of the recoil lobe 
is enhanced. In this condition, the interaction between 
ejected electron and the ionic potential is increased.  
Usually, the larger the momentum transfer q , the smaller 
the recoil lobe and vice versa. In Figure 2.6 (middle 




column) an example is presented for both, atomic s and p 
orbitals [18].    
 
(iii)  When the momentum transfer q   is very small, then the 
ejected electrons show an almost symmetric emission 
pattern with respect to both directions along q  and q . 
Thus, the probability of the electron to be ejected in the 
q  direction is almost identical compared to q  direction. 
In general, this type of ionization mechanism is observed 
in case of photoionization in where no linear momentum is 
transferred. The ejected electrons exhibit a dipolar 
emission pattern aligned along the polarization direction as 
it is shown in the Figure 2.5(a) and Figure 2.6 (left 
column). This is known as photo-limit to identify clearly 
that the projectile only interacts once, a single virtual 
photon is exchanged with the target electron and the 
momentum transfer is very small. For a sufficiently high 
projectile energy (E0), the first Born approximation can be 
used to relate this case to photoionization. The Figure 2.6 
(left column) presents an example for both s and p atomic 








Figure 2.6: Typical triple differential cross sections for the ejection of 
an atomic s or a p electron for small (left), medium (middle) and large 
(right) momentum transfer in the range of high impact energies [18]. 
 
2.7.2 Intermediate energy projectile electron 
When the incoming projectile electron energy is greater than  about 
five times and less than  about ten times (5 IP < E0 < 10 IP)  the 
ionization potential (IP) then this energy region is called as 
intermediate energy regime. The direction of the symmetry of the 
cross section pattern with respect to   momentum transfer is broken for 
both binary and recoil lobes. The symmetry depends strongly on the 
final state correlation (repulsion) between the outgoing electrons. As a 
result the binary and recoil lobes will be tilted away in the backwards 
direction.   
Theoretically, in this intermediate energy region, the first Born 
approximation (FBA) is no longer valid to describe the ionization 
process. Therefore, the relatively simple dynamics of the high energy 
regime no longer exists in this intermediate energy region and 




theoretical descriptions have to include the interaction of the outgoing 
particles as well as ionic potential effects.  According to the 
experiments performed by Ehrhardt and coworkers [18], their 
experimental results were compared to several theoretical calculations 
and they observed that the inclusion of second-order interactions in 
the calculation provided a significant progress for the agreement with 
the experimental data. 
 In the cross section a significant effect is observed when the incident 
electron energy comes to the intermediate region. In principle, when 
energy of projectile electron is lower, then the final state electrons 
(scattered electron and ejected electron) are close for a longer time. 
Therefore, the repulsion due to their identical charge sign and the 
additional long-range ionic Coulomb potential start to modify the 
angular distribution.    
For an example, the Figure 2.7 shows an experimental and theoretical 
triple-differential cross section (TDCS) for electron-impact (E0 = 100 
eV) ionization of the outer orbitals (1πg, 1πu, and 3σu) of CO2. It is 
presented as a function of the ejected electron (e2) emission angle at 
scattering angles 1 = -5º and for ejected electron energies E2 = 15 eV. 
The theoretical calculation is done within the multi-center distorted 
wave (MCDW) theory (see section 2.8.4). The MCDW model is 
established within the basis of the first Born approximation (FBA) in 
which the repulsion of the final state electrons, i.e., post collision 
interaction (PCI) effects are not included. The predictions from the 
MCDW-WM model account for PCI via the Ward-Macek 
approximation. The experimental data (solid circles with error bars) 
are summed over ionization of the three outer orbitals. MCDW-WM 
theory (thick magenta line) includes the so-called Ward and Macek 
factor to account for PCI. MCDW (thin red line) does not account for 
PCI. There are strong differences of both theoretical models for 




 where the relative emission 
angle with respect to the scattered projectile is small (θ1 = -5
◦
). There 
is rather good agreement of experiment and MCDW-WM result. This 
demonstrates the strong post collision interaction (PCI) present in this 
reaction.  





Figure 2.7: Experimental and theoretical triple-differential cross 
sections (TDCS) for electron-impact (E0 = 100 eV) ionization of 1πg, 
1πu, and 3σu orbitals of CO2 presented as a function of the ejected 
electron (e2) emission angle at scattering angle 1 = - 5º, and for 
ejected-electron energy E2 = 15 eV. Experimental data (solid circles 
with error bars) and theoretical calculations of MCDW-WM (thick 
magenta line) multiplied with the so-called Ward and Macek factor to 
account for PCI, and MCDW (thin red line). The vertical arrows 
indicate the momentum transfer direction (+q) and it’s opposite (-q). 
The results are for the scattering plane. The corresponding momentum 










2.7.3 Low energy projectile electron 
 
When the incoming projectile energy is between 1.5 and 5 times (1.5 
IP ≤ E0 ≤ 5 IP) of the ionization potential (IP), then the incoming 
electron can be considered as a low energy projectile. In this low 
energy regime, the interaction between outgoing particles is strong 
and plays an important role in the cross section. Therefore, theoretical 
calculation must consider the interaction of all particles in the final 
state.  The outgoing electrons (scattered electron and ejected electron) 
interact with each other, and also with the residual ion. The distinction 
between the final state electrons becomes impossible with decreasing 
projectile energy as well as with low excess energy. 
In order to obtain a suitable agreement with experimental data, post 
collision interaction (PCI) has to be included in the theoretical 
calculation. The influence of the post collision interaction (PCI) in this 
low energy region is powerful enough to invert the normal intensity 
relations and to provide a remarkable symmetry break. In this 
kinematical region low energy and non-perturbative theories such as  
time-dependent-close-coupling (TDCC) calculations (see below) are 
more successful than Born approximations.  
The Figure 2.8 shows experimental data and TDCC calculations of the 
TDCS of (e, 2e) on H2 in the scattering plane at the incoming 
projectile energy of E0 = 31.5 eV [44]. In this low energy regime, this 
data exhibit a rather good agreement of experiment and theoretical 
calculations.  
 




Figure 2.8 : Experimental data and TDCC calculations of the TDCS 
for (e,2e) on H2 in the scattering plane [44]. 
 
 
2.7.4 Threshold energy projectile electron  
In the threshold energy region, the projectile electron energy is near 
the ionization potential (E0 ≈ IP). In this region, the outgoing electrons 
can not be distinguished due to their very small energies. The first 
theoretical investigation of electron ionization close to threshold 
energy has been performed by Wannier in 1953 [90]. He has 
published a three-particle calculation in where the behavior of the 
electron trajectories in the threshold energy region was discussed.  He 
has obtained that the total single ionization cross section as function of 
the excess energy is 




                                    
0 0
( ) ( )E E IP

   .                                     (2.14) 
For single ionization of a neutral atom, the exponent is α = 1.13. This 
exponent depends on the number of final state electrons and the 
charge state of the ion. In the threshold region, correlation between the 
outgoing electrons is strong and the cross section is maximal for back-
to-back emission of both electrons. Therefore, no clear binary and 
recoil lobe pattern can be observed.  
 
2.8  Theoretical Frameworks  
 
The theoretical calculation of the few-body dynamics for electron 
impact ionization is challenging. The few-body problem is one of the 
most fundamental unsolved issues in physics. This problem arises 
from the fact that the Schrödinger equation is not analytically solvable 
for more than two mutually interacting particles. Consequently, for 
three or more particles, theoretical calculations must do 
approximations or treat the problem in an iterative way. The validity 
of respective theoretical models is examined by comparison with 
experimental results.  
A number of theoretical models to describe atomic and molecular 
ionization processes have been developed so far. Among the large 
variety of different theoretical descriptions, here we briefly discuss of 
the Born approximation which includes first and second order models, 
the multi-center distorted wave (MCDW) approach, the convergent 
close-coupling (CCC) theory, the time-dependent close-coupling 
(TDCC) theory and the three Coulomb wave (3C) approximation. 
Another theoretical approximation developed by Ward and Macek 
(WM) used for inclusion of post collision interaction between two 
outgoing electrons is also discussed. In this thesis, we used our 
experimental results to test the theoretical predictions of the multi-
center distorted wave (MCDW), and the Ward and Macek (WM) 
approximation.    
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2.8.1 General ideas 
In general, the theoretical calculations for the electron impact 
ionization of atoms or molecules can be divided into two methods, (i) 
the perturbative, and (ii) the non-perturbative methods.   
In perturbative approaches, the projectile-target collision is considered 
as a small perturbation of the otherwise free and non-interacting 
collision partners. In this model, the scattering process is divided into 
an initial and final state, and the interaction between projectile and 
target is treated separately. This method applies only for fast 
projectiles, whereas slow collisions can hardly be treated 
perturbatively. The non-perturbative approaches are based on a 
numerical solution of the Schrödinger equation (e.g. convergent close-
coupling theory), including the Coulomb interaction between the 
particles. These methods are best suited for low projectile energies 
where the number of contributing partial waves is limited. However, 
in this scope, they have shown to deliver excellent results, with 
affordable computational effort.    
Electron collisions with atoms or molecules have to be modelled by 
using a quantum mechanical description and by solving the 
Schrödinger equation of the system. The Hamiltonian (H) can be 
divided into the asymptotic projectile and target Hamiltonian Hi and 
an interaction term Vi during the collision.  
                                               H = Hi + Vi                                     (2.15) 
                                             H = Hf + Vf                                                          (2.16) 
The subscripts i and f denotes the initial and final state of the system, 
respectively. Here Hi = HTarget + HProjectile, and Vi is the Coulomb 
interaction between the projectile and constituents of the target atom 
or molecules. In case of elastic and excitation collision, Hi = Hf   and 
Vi = Vf.   
The asymptotic eigenstates of the initial and final state can be written 
as below [24, 91, 92]:    




                                    
i i i i
H E                                            (2.17) 
                                    
f f f f
H E                                        (2.18) 
Where i  and f  are the wavefunctions of the free particle in the 
initial and final state respectively, Ei and Ef are the energy eigenvalues 
of the corresponding states, respectively. 
The dynamics of the quantum mechanical system represented by a 
state )(t  is given by the time-dependent Schrödinger equation:   





                          (2.19) 
The methods to solve this equation will not be discussed here. Instead 
we present methods to solve the time-independent Schrödinger 
equation which can be written as    
                                         ( )
i i i iiH E V                              (2.20) 
A solution of this equation can be obtained by   
                                      
i i ii GV                                  (2.21) 
where, |i > is a plane wave. The operator G is known as the Green 
operator which is defined by an inverse differential operator in the 
asymptotic limit and can be written as: 






E H i 

 
                          (2.22) 
where 𝜀 has a small positive value. The equation (2.21) is known as 
the Lippman-Schwinger equation.  
By using the equation of (2.22), the equation (2.21) can be written as:  
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
   
 





 are outgoing and incoming spherical waves, 
respectively. 
By solving Lippman-Schwinger equation (2.21) iteratively the Born 
series can be obtained as  
                          ...
i i i i i i i i i
GV GVGV                       (2.24) 
Here, this equation is written as a prior-form and the same series can 
be written in the ’post-form’. For the future discussion only the prior-
form will be considered and then the subscript in the Green operator 
(G) and Coulomb interaction (V) will be omitted. Then, the transition 
matrix-element from initial to final state (i→f) is: 
                          
...
fi f i f i
T V VGV      
                      (2.25) 
2.8.2 First Born Approximation (FBA)   
In the First Born approximation (FBA), the incident and scattered 
particles are described as plane waves that remain undistorted before 
and after the collision process. In FBA, only a direct ionization is 
treated, and for electron impact ionization, electron exchange and spin 
are not taken into account. The validity of the FBA is restricted 
essentially to high projectile energies. In addition accurate cross 
sections can only be obtained if good quality wave functions for the 
stationary states of the colliding systems are available. At the lower 
energies, the FBA usually overestimates the scattering cross sections, 
and thus, e.g. the second Born approximation (SBA) may be used to 
improve the results.    
In FBA, we only consider the first term from the Born expansion in 
the equation (2.25). For a collision with a target gas of N- electrons, 
the perturbation is entirely due to the Coulomb interaction between the 




incoming projectile and the target constituents and can be written as 
[24, 91-92]   










                   (2.26) 
where, PZ  and TZ  are the charge of projectile and target respectively, 
Pr  is the distance between projectile and target, and ir  is the distance 
between the nucleus and the target electron of a N-electron system.  
The first term of the equation (2.26), which describes the interaction 
of the projectile with the nucleus vanishes due to the orthogonality of 
the initial and final target states. From the equation (2.25), the first 
Born transition amplitude is given by  








T i q r
q
                       (2.27)                                             
Here, the momentum transfer 0 1q p p  . For single ionization, the 
final-state 
f  is the product of a continuum electron and the residual 
target ion. In case of small momentum transfer, this result is in 
analogy to photoionization. When momentum transfer tends to zero 
i.e. 0q  , the exponential function can be expanded to 1 q r  . For 
evaluation of the matrix element only q r is relevant due to the 
orthogonality of the initial and final states. This is identical to the 
dipole operator E r if the momentum transfer ?⃗? is identified with the 
electric field ?⃗?.  The dipole limit  is already discussed in the section of 
2.7.  
 In the (e, 2e) experiment, the triple-differential cross sections (TDCS) 
is obtained which is differential in the solid angles of both outgoing 
electrons and the energy of the ejected (slow) electron.   
                              
3





                                                  (2.28)                            
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where Ωe1,e2 denote the solid angles of the two outgoing electrons and 
Ee2 is the energy of the ejected electron from the target gas. These 
three parameters fix the momentum vectors of all final state particles 
via momentum and energy conservation.  
The TDCS in the first order Born approximation has the following 
form: 















                   (2.29) 
The momentum transfer q

, here is the only quantity specifying the 
collision dynamics. The matrix element only contains the target 
wavefunctions and the operator exp( )iq r , which describes the first 
order interaction. The momentum transfer also is the only remaining 
vector in space, and therefore it represents the quantization axis in the 
collision. One key point of the equation of (2.29) is that the 1/q
4 
dependency is like in Rutherford scattering and discloses that most 
ionizing collisions in the first order regime occur at low momentum 
transfer. The variation of the cross section pattern for different 
magnitudes of the momentum transfer q , is already described in the 
section of 2.7.   
 
2.8.3 Second Born Approximation (SBA)  
The transition amplitude of the second Born approximation is given 
by the second term of the Born series in the equation (2.25)  
                                  
2B
fi f i
T VGV                                        (2.30) 
By using the equation of (2.22), the equation of (2.30) can be written 
as 













                  (2.31) 




Here, H0 refers for the unperturbed Hamilton, V refers as the single 
interaction between the projectile and the target, G refers to the free 
propagation of the projectile known as Green operator. The second 
Born approximation (SBA) is valid for the ionization at intermediate 
electron energy. Since the projectile scatters two times, SBA breaks 
the symmetry of the cross section along the momentum transfer axis. 
     
2.8.4 Multicenter distorted wave 
 
The multicenter distorted wave (MCDW) method has been discussed 
in detail previously [79, 80]. Here we will give only a brief outline. 
The MCDW model is used to study the electron impact single 
ionization process for molecules under asymmetric kinematics with 
special attention on the multicenter continuum wave function of the 
ejected electron. It is formulated in the framework of the first Born 
approximation (FBA) with the incident and scattered electron being 
described by plane waves. In the usual scattering theory, the transition 
amplitude for a given molecular orientation in the laboratory can be 
written as: 
                   ( ) 1 1
1 2 0
( ) ( ; { }) { } ( { })
fi f i
T k k r V r k r
  
 
                  (2.32) 
Where k0, k1, and k2   represent the momentum vectors of the incident, 
scattered, and ejected electrons respectively. The molecular 
orientation is defined by the Euler angle  = (,,). Operator 1
Ω

 represents the rotation of the target molecule. i  is the initial 
bound wave function, and  {r}  refers to the set of electronic 
coordinates. In the final state ( )
f
   the ionized orbital is substituted 
by the continuum wave function of the ejected electron. V is the full 
interaction potential of incident electron and the molecular target. 0k  
and 1k  describe the plane waves of the incident and scattered 
electrons. With the help of Bethe integral, equation (2.32) can be 
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    

      (2.33a) 
where  0 1K k k   is the momentum transfer vector. Rn is the position 
vector of the nth nucleus, and Zn indicates its charge. Vector re 
represents the position of the active electron. 
 
 is the continuum 
wave function of the ejected electron, and   is the bound orbital to 
be ionized. The first term in equation (2.33a) represents the scattering 
by the active electron, and the second term refers to the scattering by 
the nuclei. In the present calculation model, the continuum wave 
function of ejected electron is solved in the multicenter potential of 
molecular ion under frozen core approximation, and is generally not 
orthogonal to the bound orbital  . So the second term in equation 
(2.33a) which represents the nuclear distribution will not disappear 
and is fully included. 
The differential cross section is obtained from the square of the 
transition matrix (T- matrix), multiplied by a factor which includes the 
momenta of the electrons. Thus, the TDCS is consequently obtained 
by averaging over all molecular orientations: 


















               (2.33b)       
 
A comparison between theoretical calculation from MCDW and 
MCDW-WM methods, and experimental data are presented in the 
Figure 2.7. A significant discrepancy is observed between the 
experimental results and theoretical prediction from MCDW. One 
reason is the low projectile energy of 100 eV which is too low for the 
plane wave description of the projectile to be valid. A phenomenon 




which becomes relevant at medium to low projectile energies is the 
mutual repulsion of the two outgoing continuum electrons which is 
called post collision interaction (PCI). In order to improve the 
description of the ionization process the MCDW result can be 
multiplied  by the Ward-Macek (WM) factor [34,81-83] which was 
demonstrated to approximately describe PCI: 


















                                (2.34) 
Here 1F1 is a confluent hypergeometric function. 






  and  3aver  is defined as:  
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                      (2.35) 
E2 and E1 are the corresponding energies of ejected and scattered 
electrons. With the Ward-Macek approximation, the T-matrix 
becomes:  
                            
21
( ) ( )




                                (2.36) 
Therefore, the equation 2.33(b) becomes with Ward-Macek factor as 
below:  


















          (2.37) 
The WM factor scales the cross section depending on the relative 
velocity of the two electrons. One can see from the first factor in 
equation (2.34) that the WM factor becomes smaller for increasing  
and therefore decreasing relative momentum/velocity.  
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In order to obtain the multicenter continuum wave function of ejected 
electron in the potential of the molecular ion, a model potential is 
adopted [79]:  
                                             m st cpV V V                                      (2.38) 
Where  V
st
  is the electrostatic potential between the incident electron 
and residual molecular ion. V
cp
 is the correlation-polarization 
potential. The Schrödinger equation for the ejected electron is: 









    
 
  
                  (2.39)           
To solve this equation, the single-centered expansion technique [96-
98] is employed. The wave function and potential are expanded using 
the symmetry-adapted angular functions. Note that the model potential 
V
m
 is anisotropic and introduces the coupling between terms of 
different angular momentum in the partial wave expansion of ( ) , 
resulting in a set of coupled equations. As shown in the work [100] the 
diagonal terms in the potential matrix are considered dominant. Thus 
the off-diagonal elements will be ignored and the decoupled partial 
wave equations are solved in the practical calculations [100].  
 
2.8.5 Brauner, Briggs and Klar (BBK) or Three 
Coulomb (3C) approximation  
For the low energy electron impact ionization, a theoretical 
approximation was suggested by Brauner, Briggs and Klar (BBK)  
which is known as  three Coulomb (3C) approximation [19]. Since 
1989 this method is popular because it takes into account all 
electrostatic interactions in the three-body final state continuum of 
electron impact ionization and leads to good agreement with 
experiments at rather low impact energy.    
In the BBK or 3C method, the final state wave function, e.g., for 
electron-hydrogen scattering is approximated as: 




                      
Pr Prf ojectile Eject ojectile EjectCW CW C   ,                         (2.40) 
where CWProjectile and CWEject are Coulomb waves for the scattered and 
ejected electrons in the field of a proton, and  CProjectile-Eject is the 
Coulomb distortion factor which contains the effects of the final-state 
Coulomb interaction between the projectile and the ejected electron, 
which is  usually known as post collision interaction (PCI). The wave 
function of the equation (2.40) is called the 3C wave function.   
The Molecular BBK (MBBK) model was first developed by C. R. Stia 
and coworkers [94] to study the (e,2e) reaction for H2 targets in where 
a molecular three-continuum  approximation is developed. The 
MBBK approach is also successfully applied to the study of 
interference effects in single ionization of molecular hydrogen by 
electron impact [95]. 
 
2.8.6 Convergent Close Coupling (CCC) 
The Convergent Close-Coupling (CCC) method is a theoretical 
calculation for the solution of a projectile-target collision problem. In 
the CCC approach, the time-independent Schrödinger equation is 
solved numerically in a non-perturbative way. In the close-coupling 
treatment, which can be classified as a coupled channel calculation, 
the target wavefunction is expanded in a basis-set of eigenfunctions of 
the unperturbed target-Hamiltonian, which is built from so-called 
Laguerre functions. The eigenstates n  to the target Hamiltonian HT 
are created as below [24]: 
                                    T n n nH E  ,                                       (2.41) 
where  the states with negative energies represent bound and those 
with positive energy continuum states. 
The calculation done so far is that the number of target states is 
restricted to N, hence the name of this model is close coupling. The 
bound target states represent the ’true’ states, whereas the continuum 
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states form a discretization of the continuum and are also called 
’pseudo’-states. By increasing the number of states N the 
representation of the continuum becomes increasingly ’dense’ and 
converges to the true continuum. 
The main objective of this approach is to find accurate solutions for 
simple and fundamental target species at any collisional energy for the 
major scattering and ionization processes. The first implementation of 
this CCC approach for collisional excitation was developed by I. Bray 
and coworkers in 1992 [31], and after few years D. V. Fursa and 
coworkers in 1995 [58]. In the beginning, this method was applied to 
the simplest Coulomb three-body problem of electron scattering on 
atomic hydrogen for excitation and total ionization cross sections.  
Subsequently (2002), the method was refined and could provide fully 
differential ionization as well [84].  I. Bray [37] could demonstrate 
that the CCC approach can provide exact solutions of the coulomb 
three-body problem.  In 2011, this method has been generalized to 
other projectiles, including photons, positrons, and more recently to 
heavy projectiles such as protons and antiprotons [85].  
In principle this method is restricted to pure three-body problems, but 
excellent agreement could be also observed for electron impact 
ionization of light atomic species such as helium (He)  by  M. Dürr 
and coworkers [57]. This was done by using the frozen- core 
approximation, i.e. an effective one-electron target. Most recently this 
method was extended to electron-small molecule collisions,  namely 
to the hydrogen molecule (H2) by M. C. Zammit and coworkers [59, 
60]. 
2.8.7 Time-dependent Close Coupling (TDCC) 
Since the last fifteen years, the time-dependent close-coupling 
(TDCC) approach is used to calculate triple differential cross sections 
(TDCS) for the ionization of simple atoms and molecules as the 
hydrogen molecule (H2). As the CCC theory it cannot be applied to 
larger systems as they are used in the present thesis. This method 
expands the total wavefunction in a series of partial waves. The basic 




principle of this method is the propagation of the time dependent 
Schrodinger equation (TDSE) for the two outgoing electrons with the 
interaction between the two electrons treated in full. The remaining 
electron (in the case of helium and molecular hydrogen) is frozen, and 
its interaction with the outgoing electrons is represented through direct 
and local exchange potential terms. Details of theoretical calculations 
of this method of TDCC is described in the studies of  [53-55].  In 
2002, Colgan and coworkers [32] used this method for the first time 
on atomic hydrogen to obtain (e, 2e) TDCS. A few years later (in 
2007), Pindzola and  coworkers [55] used this method to study atomic 
and molecular few-body dynamics. For hydrogen molecules 
calculations for ionization by electron impact were performed in the 
studies [54,71] by Pindzola and coworkers using the TDCC method to 
calculate the total ionization cross sections. Colgan and coworkers 
[50] calculated fully differential cross sections (FDCS) for (e, 2e) on 
aligned hydrogen molecules at low impact energies. Additionally, the 
results for averaged alignment agreed well with existing 
measurements and performed significantly better than the three-body 
distorted wave (3DW) model by Colgan and coworkers [51,53]. 
Strong molecular alignment dependence of the TDCS of H2 was found 
by X. Ren and coworkers [56]. They observed a very good agreement 
between TDCC predictions and the experimental data. This 
experiment is also done at low energy (at the projectile energy 54 eV). 
The disadvantage of the TDCC method is that it cannot calculate (e, 
2e) cross sections at higher impact energies (the projectile electron 
energy should be less than 100 eV).  The reason is that much more 
partial waves would have to be included to become a convergent 
solution of the time-dependent Schrödinger equation than at lower 
energies. The Figure 2.9 shows a comparison of experimental results 
and theoretical calculations from the TDCC method. This result 
exhibited a very good agreement between TDCC and experimental 
results [56]. 




Figure 2.9: Fully differential cross sections for the ionization of 
aligned H2 molecules with energy (a) E1 = E2 = 18 eV, (b) E1= 26/E2 = 
10 eV, (c) E1= 32/E2= 4 eV, and with one electron emission angle 
fixed to θe1= -50
º
[ 1p  indicated in (b)] as a function of the emission 
angle of the second electron in the perpendicular (x-y) plane. The H2 
molecule is aligned as indicated by the (blue) spheres in the left 
column along the y-axis ( 90 , 90 )Mol Mol 
   . The left column 
displays the FDCS in a polar plot, Cartesian plots are shown in the 
right column [56]. 
 
 













An advanced reaction microscope (REMI) is used to perform the 
experiments. This experimental method is basically designed for 
kinematically complete experiments on electron-atom or electron-
molecules collisions where the energies and directions of all charged 
particles in the final state are measured. 
In this apparatus, which is schematically shown in Figure 3.0 an 
electron beam is crossed with a target beam inside a vacuum chamber 
and by means of homogeneous electric and magnetic fields the 
charged fragments emerging from the collision are projected onto two 
time- and position-sensitive detectors. Hence, in principle no 
restriction of the scattering geometries, detection angles or energies is 
performed during data taking, making it a highly efficient technique. 
The collected data for the particles times-of-flight and detection 
positions for each collision allow to calculate and analyze the 
momenta of all detected fragments. 
Using this experimental method for electron impact single ionization, 
two outgoing electrons (e1 and e2) and one fragment ion are detected 
simultaneously. This method is well known as triple coincidence 
method   or so called (e, 2e + ion) method. This technique is also 
capable to perform experiments on clusters, dissociation of molecules 
[72], dimmers and trimmer etc.  
A. Dorn and co-workers have performed experiments on Helium (He) 
for fast electron beam by using ReMi in 1999 [28].  A detailed 
description of the construction and the operation of the ReMi was 
given by Ullrich and coworkers in 2003 [22].  





For the first time, M. Dürr could perform experiments with low 
impact energy since he aligned the projectile beam parallel to the 
magnetic field [24]. Few years later in 2009 Arne Senftleben [91], and 
in 2012 Thomas Pflüger [92] have also performed experiments with 
low electron impact energy. The details of experimental technique and 












3.1 Electron gun 
 
An electron gun is an electrical device which produces an electron 
beam, which has a defined kinetic energy. It is the source of electrons 
in a cathode ray tube. It consists of a cathode emitter of electrons, an 
anode with an orifice through which the beam of electrons can pass, 
and one or more focusing and control electrodes.   
In this thesis, two types of electron guns, a thermocathode and a 
photocathode electron gun are used to produce projectile electron 
beams for different experiments. The thermocathode electron gun is 
used for the experiment on carbon dioxide (CO2) molecules, and 
photocathode electron gun is used for the experiments on 
tetrafluoromethane (CF4) molecules and water clusters (H2O)n.  
In the Figure 3.1, a schematic drawing of a thermocathode electron 
gun is shown. Here, the cathode is enclosed by the Wehnelt cylinder. 
This is slightly negatively biased with respect to the cathode to control 
the beam current and to collimate the electron beam. For pulsing the 
electron beam it is biased with higher negative voltage for efficiently 
preventing electrons passing through it. By applying short positive 
pulses produced by a pulse generator to the Wehnelt cylinder, it can 
generate bunches of electrons with an average beam current of 300 
pA, and a pulse repetition frequency of up to 200 kHz. A typical value 
for the duration of the electron bunches is approximately between 1 ns 
to 2 ns with a beam focus below 1 mm measured at the interaction 
zone.  
To obtain a small beam diameter and a good overlap with the target 
gas jet, the projectile beam is focused by adjusting the three 
electrostatic lenses (L1, L2, and L3 in Figure 3.1) which are operated as 
an einzel lens. The axial magnetic field assists in guiding the primary 
projectile beam on its way through the spectrometer. This field 
radially confines the motion of projectile electrons and periodically 
guides them back to the spectrometer axis. The deflectors plates in x 
and y direction are used for minor corrections of the horizontal and 




vertical beam position. For optimizing the focus a commercial CCD 
camera is used to observe the beam hitting  a phosphorescing  screen.  
After passing the jet the projectile electrons reach the forward 
positioned electron detector which has a central hole as projectile 
beam dump. The electron detector position can be adjusted to 
minimize the number of electrons backscattered from the beam dump 
and therefore to reduce background signal on the detector. 
 
 
Figure 3.1: Schematic drawing of an electron gun. 
 
In the photoemission electron gun (Figure 3.2), a tantalum 
photocathode is illuminated by a pulsed ultraviolet laser. The 
wavelength of the laser is 266 nm which corresponds to the photon 
energy of  4.66 eV. This is high enough to create photoelectrons from 
the surface of the metallic cathode.  
 





Figure 3.2: Tantalum photocathode. 
 
The size of the used photoemission electron gun is 8 mm in diameter 
and 60 mm in length and, therefore, small enough so that it can be 
mounted inside the ion-drift region of the spectrometer, as shown in 
the  Figure 3.4. Thus, it blocks only a small region of ion trajectories. 
As the distance between the electron gun and the target jet is only 
about 10 cm, space charge effects on the electron pulses which lead to 
spatial and temporal broadening of the pulses are minimized. A 
temporal pulse width of 0.5 ns can be obtained which corresponds to 
the duration of the ultraviolet laser pulses.  
The energy width of the pulses is about 0.5 eV. By using this 
photoemission electron gun, we obtained roughly three times better 
temporal width and energy spread of the projectile electron pulses 
compared to the earlier electron gun with thermal-emission cathode 
[73].     
To adjust the projectile energy, the cathode is biased to a negative 
voltage with respect to the interaction region. The total kinetic energy 
of the projectile electron beam can be defined by the potential 
difference U between interaction region and the cathode. 




                                        U V Cathode V Interaction                  (3.1)                                        
If the interaction region is kept on  ground  potential (0 V)  the kinetic 
energy  collision is simply calculated as 
                                             _KEE eV eV Cathode                      (3.2) 
Where e is the electron charge. With this experimental setup, we are 
able to obtain projectile energies ranging from 25 eV to a few keV. 
 
3.2 Target Gas Preparation 
 
During the atomic or molecular collision process, the residual ion 
receives a momentum in the order of one atomic unit. This is much 
lower than the initial momentum spread of gas at room temperature 
(300 K).  An example, for a helium (He) gas at room temperature, the 
mean momentum is 5.9 a.u. To resolve the momentum transfer of the 
collision process, the target molecules have to be cooled far below 
room temperature (≈ 10 K). An ideal gas can be cooled by an 
adiabatic expansion. The details of the cooling process are discussed 
below. 
A representation of atomic/molecular gas jet (target gas) preparation is 
shown in the Figure 3.3. The target gas at room temperature of T0 is 
obtained from the gas line or bottle at a stagnation pressure of  p0 and 
the target gas expands through a nozzle of 30 µm diameter into a 
vacuum chamber  with low background pressure  pb< 10
-2
 mbar (jet 
stage 1). The molecular gas accelerates in the so-called supersonic 
expansion since its velocity can exceed the local speed of sound. This 
region is called zone of silence since shock waves produced 
downstream in collisions with, e.g., surfaces do not interfere with the 
gas expansion in front of the nozzle.  
   






Figure 3.3: Molecular target gas preparation through the supersonic 
expansion. The coolant, nozzle, zone of silence, main chamber are indicated 
as one after another from left to right.  
 
 
In the first jet stage (zone of silence), a large gas load is pumped by 
two turbo-molecular pumps with pumping speed of 700 l/s each. As 
an example, for an argon gas jet, the pressure values are p0 = 4 bars 
and, pb   ≈ 2.0 × 10
-3
 mbar. By introducing a small skimmer inside this 
area a beam can be formed while  the supersonic flow is maintained.  
The first skimmer with a diameter of 200 µm and about 5 mm away 
from the nozzle is used for collimating the beam by removing 
particles with high transverse momentum. This skimmer is placed at 
the entrance of the second jet stage.  In addition, a second skimmer 
with a diameter of 400 µm is placed at the entrance of the third stage. 
After the third stage, the jet enters through an aperture into the main 
chamber with 10
-8
 mbar pressure and collides with the incoming 
projectile electrons. Finally, the jet proceeds to the opposite end of the 
main chamber, where it is guided to another two differential pumped 
stages which are called the jet dump. This dump efficiently removes 
the unused gas from the main chamber and maintains a low pressure.  
A detailed study of the properties of the supersonic gas jet has been 
done by Miller et al. [74].  We discuss here briefly the main findings.  
A characteristic variable for the cooled gas jet is the terminal speed 




ratio S∞ of the propagation speed of the jet ( Jetv ) and the thermal 
velocity of the molecules ( Thermv ) in the moving frame  
 





S                                     (3.3)                              
Here, S  is also known as Mach-number and it is mainly dependent 
upon the initial pressure of the gas, the diameter of the nozzle, and the 
properties of the gas. Various empirical models are used to estimate 
the speed-ratio and in according to Miller et al. [74] it is found as: 




























0 532 .                        (3.4) 
Here, Bk  is the Boltzmann constant, 0T  is the initial temperature of 
the target gas,  0p  is the initial pressure of the target gas, d  is the 
diameter of the nozzle, and A, B, and C6 are constants specific for a 
particular gas. The notation S∞ is chosen to indicate that this ratio 
represents the situation long after the expansion. Then S∞ can be used 
to relate the initial temperature 0T  with the final temperature fT  in the 
expansion direction of the gas jet:            
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, where CP and 
CV are the heat capacities at constant pressure and constant volume, 
respectively. The heat capacity ratio can be expressed as function of 
the active degrees of freedom of a molecule as 








                                           (3.6) 
Where df  denotes as the number of active degrees of freedom for a 
particular gas.   
At room temperature or below vibrational activation does not play a 
role in most of the small molecules. For examples, at the room 
temperature, monoatomic gases as helium (He), neon (Ne), and argon 
(Ar) have the heat capacity ratio (γ)  of  1.67. For the linear diatomic 
molecules as like O2, N2, H2, CO, F2, Cl2, the heat capacity ratio (γ) is 
1.4.  But for triatomic molecule as like  CF4, CO2, and H2O molecule, 
the heat capacity ratios γ are 1.178, 1.28, and 1.33, respectively. In 
principle, the heat capacity ratio γ is a function of temperature and 
increases with decreasing temperature. The relation between the final 
temperature of the molecular target gas and the ion momentum 
resolution is, 
                                             fB
Th
iy mTkp 35.2,                           (3.7) 
where m is the mass of the molecule in the jet.  
We can calculate an effective value of γ in our jet by measuring the 
jet’s velocity vjet as, 










                       (3.8) 
Experimentally, vjet can be determined by knowing the detection 








3.2.1 Formation of clusters  
 
In the supersonic expansion, the target gas can be partly condensed, 
and clusters can be formed [76]. Since it is only possible to control the 
mean cluster size, the gas jet contains clusters of various sizes. For the 
typical temperatures of the gas jet, we can assume that the target is in 
the vibrational ground state. Particularly for clusters (or molecules in 
general), this is of importance because within one electronic state the 
vibrational states are usually very close and therefore below the 
resolving power of the spectrometer. By having a cold gas target, it 
can be confirmed that the initial state is well defined. In this thesis, 
experiments on water clusters (H2O)n  are done which are formed in a 
supersonic gas expansion of 1 bar of helium with seeded water vapor 
[liquid water maintained at 80ºC (353 K) giving rise to about 400 
mbar vapor pressure] expanding through a 30 µm nozzle orifice. 
Under these conditions, we obtain the 
3 2/H O H O
    ratio of about 5 
% from the measured ion time-of-flight spectrum. This is a good 
estimate for the relative cluster fraction in the jet since H3O
+
 stems 
from ionization of clusters (dimers and also larger clusters) while 
H2O
+




In the Figures 3.0 and 3.4, a diagram of the REMI spectrometer is 
presented. In the center of the reaction microscope the projectile 
electron beam collides with the target atoms or molecules.  The ion 
detector, ion drift region, the pulsed electron gun, the laser beam, the 
electric field region, the gas jet, the electrodes, the electron drift 
region and the electron detector are shown from right to left in the 
Figure 3.4.   
 
 







Figure 3.4: Schematic view of the reaction microscope used to 
investigate electron-impact ionization and fragmentation of molecules 
[30]. 
 
The uniform electric field E for extraction of the charged collision 
products  is produced by two parallel arrays each consisting of eighty 
(80) electrodes. These are positioned above and below the collision 
region. Each electrode is electrically connected to its neighbors with 1 
kΩ resistors such that the voltage difference applied at the ends of 
each array is divided among the single electrodes and, thus, this array 
acts as a voltage divider. Two Helmholtz coils of diameter of two (2) 
meters produce an uniform magnetic field   parallel to the z-axis of the 
spectrometer. The uniform electric and magnetic fields are applied to 
guide the charged final-state particles. The magnetic field confines the 
electrons’ radial movement and forces them on cyclotron trajectories.   
After the collision, the three charged particles, two electrons (scattered 
electron e1, and ejected electron e2), and one ion, are projected onto 




two position and time-sensitive multi-hit detectors. These detectors 
are placed opposite to each other as shown in the Figure 3.4. The 
electron detector has central hole of 5 mm diameter to pass the 
unscattered projectile electrons so that the detector charge amplifier 
plate (MCP) is not damaged. For both, the electron and ion 
spectrometer sides, there is a field region (acceleration region length: 
a) and adjacent filed-free region (drift region length: d). Acceleration 
regions and drift regions are separated by high transmission grids to 
create sharp boundaries and prevent field-bending at the edges of the 
acceleration stage. Within both regions, the time-focusing condition is 
satisfied. Therefore, the relation between drift and acceleration length 
must be 2a = d. This arrangement makes the time-of-flight (TOF) of 
the particles independent from the actual starting points within the jet. 
The electrons are accelerated in the spectrometer by the homogeneous 
electric field with length ae = 11 cm, and fly into the drift region (field 
free space) with length  de = 22 cm. According to the time focusing 
condition, 2ae = de. Acceleration length and drift length for the ion is 
ai = 6.8 cm and di = 13.6 cm, respectively.  For the observation of 
single ionization processes of atoms or molecules, an ion MCP 
detector with 40 mm diameter is sufficient. For reactions, where 
molecular dissociation processes are to be observed and the residual 
ions therefore have higher kinetic energies a larger detector is needed.  
In this thesis, for the experiment on the CF4 molecule and water 
clusters (H2O)n  a larger ion detector of 80 mm diameter is used, 
whereas for  the experiments on the CO2 molecule a smaller detector 
is used.  
 
 3.4 Position Sensitive Detectors 
 
From the time of flight and position information for the charged 
particles, the particle trajectory and subsequently the initial 
momentum components of can be obtained. For particle detection the 
micro-channel plate (MCP) multiplies the charge of the incoming 




particle and produces a electron charge cloud which is projected on a 
position sensitive anode. A number of position sensitive anodes are 
commercially available in the present time. The wedge and strip 
(W&S) anode, and the delay line anode. Another type of position 
sensitive anode is a phosphor screen combined with a charged coupled 
device (CCD) camera. This scheme is not very useful in molecular 
imaging due to slow electronic readout. 
In the present studies, to perform the experiment we used two 
different types of position sensitive detectors. The electron detector is 
equipped with a hexagonal delay-line anode. The MCPs have a central 
hole at the position of the spectrometer axis which allows to pass the 
unscattered projectile beam since otherwise the MCP would be 
saturated and ultimately destroyed. For the ion detector, we used two 
different anodes. (i)  the hexagonal delay-line anode for CF4 and H2O 
clusters as a molecular target, and (ii) the wedge and strip (W&S) 
anode for  the CO2 molecular target gases.  
 
3.4.1 Microchannel Plate 
 
In the Figure 3.5, a simple schematic of a MCP detector plate is 
shown. It is used to amplify the charge signal of a single electron or 
ion to a measurable amplitude. A microchannel plate (MCP) is 
basically an array of a large number of single channel electron 
multipliers. Each of the channels works as an independent continuous 
electron multiplier. The channels are made of special glass. The 
typical channel diameter is in the range of 25 µm, and the thickness is 
1.5 mm with electrodes on its both sides.  The inside of each channel 
is coated with high-resistance semiconductor as like gallium 
phosphide (GaP) and gallium arsenide phosphide (GaAsP). This 
semiconductor coating serves as secondary electrons multiplier. The 
array of glass microchannels is electrically connected in parallel by 
metal electrodes.  A high voltage (1 kV to 2 kV) is applied across the 
channels and   produces a continuous potential gradient along the 
channels.    





Figure 3.5: Details of a microchannel plate used as charged particles 
multiplication device.  
 
When a charged particle with sufficient energy falls on the front 
surface of MCP, it usually produces 2-3 secondary electrons. These 
electrons are accelerated down the channel by a positive bias voltage. 
The secondary electrons strike the channel walls producing additional    
electrons which get accelerated further and collide with the wall 
producing more secondary electrons. This process of amplification of 
the electron cloud continues till the end of the channel producing a 
pulse of as many as 10
5
 electrons. To achieve this amplification factor, 
two MCP are stacked.  For the electron detector three MCP are 
stacked to reduce the amount of feedback ions that are accelerated out 
of the electron detector. The first MCP has a smaller resistance 
between front and back side. Therefore, the applied voltage is lower 
than for the other two MCPs. As a result there is a smaller 
amplification in the first plate and, hence, a lower probability of ion 
generation.    




The efficiency of the MCP mainly depends on the open area, the 
operating voltage and the incident particle energy. The incident 
particles are accelerated to higher energy before hitting the front side 
of the MCP. Therefore, a grid is placed about 5 mm away from the 
plate’s surface. As a consequence, it is possible to apply a 
homogeneous and strong electric field between grid and MCP without 
troubling the other fields in the entire experiment. The detection 
efficiency for both electron and ion can be higher than 50% under 
these conditions.  
 
3.4.2 Hexagonal delay-line anode 
 
The delay line anode was introduced by Lampton and coworkers in 
1987 [93]. It is a unique technique which can be used to extract the 
position of the charge cloud centroid with good resolution.  
 
In a simple picture a delay-line anode can be described as a wire 
wound around a thin insulating material as indicated in Figure 3.6. 
The position is determined by measuring the time which the charge – 
induced by the electron cloud from the MCP – needs to propagate to 
both ends of the wire. 
An electron shower coming from the MCP stack is accelerated 
towards the delay-line and deposites charge on the wire in the blue 
area in Figure 3.6. The charge signal travels along the wire towards 
both ends. The difference between the arrival times at the ends of  t1 
and t2 is proportional to the position along the x-coordinate 
perpendicular to the direction of the wires. So, the x-coordinate 
distance can be decoded as  
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where v  is the effective propagation speed of the signal in the 







 , where c is the  
signal velocity for propagation along the wire,  ∆x is the coordinate 
distance between two windings of the wire, lw  is the circumference of 
one winding,  and  t0 is the time the particles hit the MCP. The time-
sum (tsum) of the individual layer can be written as: 
                 1 0 1 0 1 2 0( ) ( ) ”2 tan“sumt t t t t t t t cons t              (3.10)  
The time-sum (tsum) of each single layer is constant and depends on the 
cable length and the size of the anode.  
 








The signals at the end of the wire need to be processed by constant-
fraction discriminators (CFD) because of the charge created by the 
MCP is not constant for one event to another. With the CFD, the 
center of a pulse can be determined independent from its height, 
which is varying mostly from event to event.  
 
To improve the performance and effectively reduce noise, each layer 
of the anode consists of two parallel wires (spacing between them of 
0.5 mm).  One works as a reference wire and the other one as a signal 
wire.  The noise picked up by both wires can be removed by 
amplifying the voltage difference between the signal and reference 





Figure 3.7.: Wire and coordinate orientation of a hex anode. The    
blue-shaded area depicts the active detection region of the MCP. 
 





A crucial difficulty arises when several particles hit the delay line 
within a short time. Because of overlapping delay line signals, or the 
electronic’s dead time, the position information can be lost. 
Consequently, the idea has come up to add a third layer to provide  
redundancy for reconstructing a particles position when the position 
information of one layer is lost. Therefore, three layers of delay lines 
are used which are labeled u, v, and w as indicated in Figure 3.7. 
Then, each 2D position [(x, y)] can be calculated by every possible 
combination of two layers [(u, v), (u, w), and (v, w)]. The orientation 
of the layers has to be changed from quadratic structure for two layers 
to hexagonal structure with each layer rotated by 60° to one another as 
shown in the Figure 3.7. Therefore, it is known as “hexagonal delay-
line anode”. The details of the reconstruction of collected raw data is 
described in the chapter 4.  
 
 
 3.5  Data Acquisition  
 
In the present study, we have detected two electrons and one ion 
coincidently which is known as the (e, 2e + ion) triple coincidence 
method. So the data acquisition process is based on multi-particle 
coincidence method by which we can detect two or more charged 
particles coincidently. In the Figure 3.8, a sketch of data acquisition is 
presented.  
Generally, for the electron and ion detectors, the time and position 
signals are fed to a multihit time-to-digital converter (TDC). The TDC 
is controlled by a Versa Module Europa (VME) bus system as it is 
shown in the Figure 3.8.  The VME sends the data to a PC through a 
multi-branch system (MBS) stream server. After all, we need to 
process fifteen (15) time values: six for each hex-anode, one for each 
MCP and another one for the electron gun pulser. For this reasons, we 
have used a sixteen (16) channels Caen V1290 N multihit-TDC.  It 
has a time resolution of 100 ps and a dead time of 5 ns. In addition, it 
is capable to measure the maximum recording time of 52 µs which is 




sufficient for our experiment. The TDC is operated in common-stop 
mode, by which the times are referenced with respect to a trigger 
signal which arrives latest.   
 
 
Figure 3.8: Hardware coincidence trigger and data acquisition [91]. 
 
The data recording has a finite capacity and it needs to separate good  
and valid events from false ones. In the present experiment, this can 
be accomplished by a hardware trigger system. To obtain good events, 
it needs to apply several coincidence conditions on the electronics 
side. A maximum time (500 ns) is fixed which is the latest an electron 
is allowed to create a MCP signal with respect to the pulser.  If an 
electron MCP signal is registered the projectile beam is blocked for 
the time when ions are likely to arrive to avoid false coincidences 
between sequential projectile pulses. Furthermore, the pulser creates a 
gate for the ion MCP which is fixed in accordance with the expected 




TOF of the particular ionic mass.  If an ion is detected, the pulser is 
impeded, and the acquisition is triggered. Therefore, the 
corresponding count rate is called valid coincidence rate.   
On a remote computer over a network connection, the event is stored 
in a listmode file by a MBS stream server which runs on the VME 
controller. Concurrently, online monitoring of the collected data is 
enabled by go4 analysis software. Note that for ion detector, when we 
take data by using the wedge-and-strip anode (WAS), it consists of a 
charge-sensitive-amplifier (CSA) and an analog-to-digital-converter 
(ADC) to convert the charge information into a digitally suitable data 












Data Analysis and Calibration  
 
In this chapter, we give brief information of the data analysis and 
calibration procedure and how  the cross sections are obtained from 
the acquired data . In the (e,2e+ion) measurement, after each collision 
between the projectile electron and the target molecule, we obtain raw 
data from the electron and ion detectors. This is discussed in the 
chapter 3. This raw data  in a first step are  converted into  time of 
flight (TOF) and hit position information for each of the charged 
particles. In a second step the momentum vectors of the charge 
particles are calculated from their   TOF and position. The momentum 
vectors of all charged particles provides a kinematically complete 
picture of the reaction. Finally, we can obtain various relevant 
quantities like  electrons energy sum, ionized electron binding energy 
(BE), kinetic energy (KE) of the fragment ion, the total kinetic energy 
release (KER) of the molecular fragments, triply differential 
ionization cross sections (TDCS), molecular alignment dependence of 
the TDCS, for different energy and angle conditions. The details of 
data analysis and calibration procedure are briefly discussed in this 
chapter.    
 
4.1 Analysis software (Go4) 
To calibrate the experimental data, we used Go4 analysis software. 
The Go4 (GSI Object Oriented On-line-Offline) analysis framework 
has been developed at GSI (Gesellschaft für Schwerionenforschung). 
It is based on the ROOT system of CERN.  To develop this software, 
C/C
++ 
programming language is used. Therefore, all functionality of 




ROOT can be used.  The details information about the go4 is 
discussed in the reference of [78, 91]. Here a short introduction  on the 
different analysis steps of the Go4  software is given.  
The data analysis is divided into three steps named as unpack, 
analysis, and FDCS. These three steps can be operated individually or 
together. As illustrated in Figure 4.1 the unpack and analysis steps 
both have input and output information. The FDCS has only input 
information and the output of FDCS is the final result.  
The input data for the analysis is the multi branch system (MBS) event  
provided by the data acquisition system as described in paragraph 3.5. 
In the Go4 analysis software, the first step is the unpack program 
which converts the MBS  raw data into real detector position and time 
of flight (TOF) information for each detected particle. The position 
and TOF information is the output of unpack step and assign to the 
input of next step. 
  
 








The output of the unpack step can be written in a local root file which 
contains all the event information. The main purpose of doing this is 
to optimize the processing time for the following steps. The 
conversion of raw data into position and time, usually takes the 
longest processing time since here all raw data must be treated while 
for file storage data fulfilling particular conditions adopted to the 
reaction of interest can be selected. E.g. for (e,2e) measurements only 
the triple coincidence events are required where two electrons and one 
ion are detected.   
In the second analysis step, the position (xy) and time-of-fight 
information (TOF) are converted into momenta of the particles. The 
output is saved in form of momentum vectors of all particles. In this 
step, we need to include several conditions, and calibration 
parameters. The output of the analysis steps can be saved as root file 
again to optimize processing time. The output of the analysis step is 
used  as input of the final step (FDCS step).  
In the FDCS step, cross section histograms are obtained by sorting the 
events according to desired conditions and parameters. 
 
4.2 Time and Position information  
 
4.2.1   Time of flight information  
To obtain the accurate information of momentum of the particles, it is 
necessary to know their time-of-flight, i.e. the actual time it takes the 
particles for their motion from the collision point to the detector. 
Generally, the time of flight for ions is on the micro-second scale and 
for electrons on the nano-second scale. A scheme for the 
reconstruction of the real time-of-flight of a particle from the collision 
to the arrival on the detector is shown in the Figure 4.2(a). We 
consider that totalt  indicates the measured raw timing data which is the 
time between the pulser signal which triggers the electron gun and the 




detector signal, and 0t  is the time between the pulser signal and the 
instant when the projectile electron pulse reaches the collision point 
known as time origin. Then the net time-of-flight (t) from collision 
point to the detector can be calculated as below:  
 
                                       0totalt t t                                                  (4.1) 
In order to determine t0 we use that the electron’s transversal 
movement is significantly influenced by the uniform magnetic field, 
and it is forcing the electron on a helix trajectory which periodically 
returns to the axis of the spectrometer. The electrons undergo a full 







 , where ωc is the cyclotron 
frequency. So all the electrons originating from the interaction point 
return to the spectrometer axis after time intervals, which are an 







  , where n = 0,1,2,3….  
In the Figure 4.2(b), a two-dimensional (2D) map showing the 
correlation between the TOF of electron and its radial position when 
hitting the detector. Here nodes appear as it is indicated by two 
vertical red lines.  The difference between two nodes is the cyclotron 
period (Tc), as it is specified by two arrows in the Figure 4.2(b). The 
cyclotron period (Tc) can be calculated from this 2D histogram with a 
precision of 0.5 ns. The time-of-flight origin is at a node time 
extrapolated back in time. It is obtained from the observed node times 
considering the estimated time-of-flight of the fastest electrons 
according to the projectile energy and can be obtained with a precision 
of about 0.5 ns.  The parameter of t0 is used as a global parameter 
during the entire data analysis. 
 







Figure 4.2 (a) Scheme for the reconstruction of the real time-of-flight 
of a particle from the collision to the arrival on the detector, (b)Two 
dimensional (2D) correlation map between electron times-of-flight 
and radial detection positions of the electrons.  
 
The Figure 4.3(a)-(c) shows the resulting time of flight histograms for 
scattered electron, ejected electron, and recoil ion if the time of flight 




is obtained according to equation (4.1). The data presented here is for 
a single ionization of Argon (Ar) atoms at the projectile electron 
energy of E0 = 67 eV.  For a good calibration of the data, a right 
choice of time of flight condition’s window must be needed to exclude 
background.  Consequently, we can obtain accurate momentum 
information of the charged particles.  
         
 
Figure 4.3: (a) The time of flight of the first detected electron (e1), (b) 
the time of flight of the second detected electron (e2), (c) the time of 
flight of positive ions with a strong peak for Ar
+
 ions (log scale). 
 




4.2.2 For position information 
 
As described in the section 3.4.2 of chapter 3, the charged particle 
detectors are equipped with delay-line position sensitive anodes with 
three layers, the so-called hexanodes. Each of the three layers reads 
out the coordinate along one direction which is oriented under 60° 
with respect to the other two coordinates. With these three coordinates 
which are  u, v and w  the position (x, y) information can be obtained 
from any combination of two coordinates (i.e. (u, v), (u, w) and (v, 
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where (xuv,yuv), (xuw,yuw), and (xvw,yvw) stand for the Cartesian two-
dimensional information obtained from (u and v), (u and w), and (v 
and w), respectively.  
 





Figure 4.4:  Arrangement of the u, v and w coordinates on a hexanode 
delay line anode and the formulas for obtaining cartesian x, y 
coordinates.  
In the Figure 4.4, the arrangement of the coordinates u,v, and w of a 
hexanode,  and the formulas for obtaining spatial cartesian coordinates 
(x,y) is presented.  The advantage of a hexanode is that it provides 
redundant information and therefore, the hit position can be obtained 
even if one of the three position signals is lost. On the other side it 
must be assured that all three coordinate pairs result in the same 
Cartesian coordinate position. For this it is supposed that all three 
coordinate systems have precisely identical origins and the same 
length scale. Since practically this is not perfectly fulfilled, the layer 
coordinates have to be shifted and scaled appropriately. This is done 
by  the parameters scaleU, scaleV, scaleW, and shiftW in the unpack 
step. In the Figure 4.5, an example of a diagram showing the quality 
of the calibration procedure is presented. The diagram  shows the 
coordinate yvw calculated from the v and w layer of a hexanode 
against the difference (yuw-yvw). The difference should be zero and 
independent from the individual coordinate values, i.e. the plot should 
show a vertical line. This diagram is done for every combination of 
coordinated and so each coordinate can be calibrated by this way. 
After the calibration of u, v, and w coordinates, we have the position 
information of electrons and ions for the analysis in the next step. 





Figure 4.5:  Two dimensional (2D) correlation map between (yuw - 
yvw) and the coordinate yvw calculated from the v and w layers of a 
hexanode.   
 
The Figure 4.6 (a) shows a position diagram for the first detected 
electron. The data is presented here for the single ionization of Argon 
(Ar) at the projectile electron energy E0 = 67 eV. In addition, the 
individual position components along x and y directions are also 
presented in the Figure 4.6(b) and 4.6(c), respectively. It can be well 
recognized that the detector count rate is increasing for decreasing 
radial distance from the detector center. Furthermore, the hole in the 
center of the detector microchannel plates in form of a roughly 10 mm 
diameter region with very low count rate. The detector position 
coordinates must be calibrated by identifying the exact center of the 
electron intensity distribution which is  the position parameters  (x0[0], 
y0[0]) for the first  electron in the unpack step.   
  





Figure 4.6:  (a) Position pictures of the scattered electron (e1), (b) 
position along x-direction, and (c) position along y-direction.  
 
The Figure 4.7 shows a position diagrams for the second electron.  
Again, the position information is calibrated by the position 
parameters (x0[1], y0[1]) for the second electron in the unpack step. 
 





   
Figure 4.7: (a) Position pictures of the ejected electron (e2), (b) 
position along x-direction, and (c) position along y-direction.  
The Figure 4.8 (a) shows a position diagrams for the recoil ions. 
Clearly the shadow of the electron gun and its mount can be identified 
as a region with low signal intensity extending from the left detector 
edge to the center. Due to the vertical velocity of the gas jet, the 
position of the ion distribution is shifted from the center downwards 
into the (-y) direction. To calibrate this, a parameter of shiftV_y  in 
the analysis step is used. Here again for calibration the center of the 
ion position distribution has to be identified (parameters (x0_ion[0], 
y0_ion[0]).   






Figure 4.8:  (a) Position diagrams of the ion, (b) position along x-
direction, and (c) position along y-direction. 
 
4.3 Momentum Calculation  
After calibration of the raw data as discussed in section 4.2, we have 
information of real times of flight (TOF), and positions of the charged 
particles. This information is necessary to determine the momenta of 
the charged particles. The momentum vectors of the charged particles 




subsequently are used to determine all other kinematic observables 
like energy sum, binding energy (BE),  the kinetic energy release 
(KER), kinetic energy (KE), triply differential cross sections (TDCS), 
, orientation dependence of TDCS,  etc.   
Based on the axial symmetric construction of the reaction microscope 
(REMI) with respect to the projectile beam axis, we can define the 
particle’s momentum to consist from two components. One is the 
longitudinal component (p
z
) only depending on the TOF of the 
particles, and the other one is the transversal momentum (p
r
), 
depending on the position (x, y) of the charged particles on the 
detector and their TOF.  
By using a reaction microscope, the complete kinematic information 
of a given process can be obtained if the momentum vectors of all but 
one free final state particles are measured. The momenta are 
determined from measuring the TOF and the position of each charged 
particle on the respective detector.   The relation between the TOF 
from the interaction zone to the detector and the longitudinal 
momentum of the particle can be derived by using Newton's equations 
of motion. The fundamental equation for the time-of-flight (TOF) of 
the charged particle that passes an acceleration region of the length (a) 
and an adjacent field-free drift region of the length (d) is given by in 
SI units (International System of Units): 
























         (4.3) 
where, p
z
, m, q, U are the initial longitudinal momentum component, 
mass of the particle, charge of the particle, and acceleration potential, 
respectively. The acceleration length (a) and the drift length (d) fulfill 
the condition d = 2a in order to minimize the effect of the jets spatial 
extension in the z-direction (time focusing condition). The positive 
and negative (±) sign depends on the direction with respect to the z-
axis in which a particle is initially moving. According to the Figure 
4.9, we   can express the momentum components of the particles in 




cylindrical coordinates. The longitudinal momentum is equal to p
z
, 
and transverse momentum is equal to )(
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Figure 4.9:   Overview of the components of a momentum vector in 
cylindrical coordinates. 
 
4.3.1 Longitudinal momentum for Ions 
To obtain the momentum component, the inverse of the equation of 
(4.3) is needed to be known. But unfortunately, it does not exist 











  gained in the collision process (some meV) is much 
smaller than what it is gained during the acceleration (some eV).  
Hence, we can expand the equation of (4.3) into a Taylor series 
around an initial momentum of p
z
 = 0 and neglect higher orders. Then 




the longitudinal momentum for the ion ( )zionp for a time t can be 
obtained as  
                     3
. .
8.042 10zion
cm a u q U t
p
eV ns a
                               (4.4) 
                               where ( ) ( 0)z zion iont t p t p     
 
4.3.2 Transversal Momentum for Ions 
In order to obtain the transversal momentum ( r
ionp ) for the ion, the 
hitting position (xi, yi) on the ion detector and corresponding time of 
flight are necessary. Since the reaction is axially symmetric around the 
projectile beam, the center of the distribution (x0, y0) corresponding to 
ions with zero transversal momentum, and the radial displacement is 
then related to the momentum as below: 
                      
2 2
0 0: ( ) ( ) (2 )
r
ionpr x x y y a d
qU
                   (4.5) 
The transverse momentum for the ion can be obtained in a.u. as 
below: 











        (4.6) 
Where mion is the mass of the ion. 
 
4.3.3  Longitudinal Momentum for Electrons )( zep  
The longitudinal momentum depends on the time of flight (TOF) of 
the particle. For the electron, the situation is more challenging since 




the energy from the collision process can be of the same order as what 
is gained in the acceleration process. By solving the equation (4.3) for 
p
z
, it is possible to obtain longitudinal momentum for electron. Instead 
of inverting the equation (4.3), the longitudinal momentum can be 
extracted by considering an approximation of a simpler function. The 




















where me is the mass of the electron, and  TOFt   is the time of flight of 
the electron.  
Finally, the equation of (4.3) becomes: 








                      (4.7) 
The inverse function can be approximated by the following expression  
                                sin( )
B
X A C T D T
T
                               (4.8) 
With the constants 
A = -0.051, B = 1.508, C = -0.466, D = 0.2558 
Then the longitudinal momentum for electron can be written as simply 
as below: 
                                           2ze ep X m eU                                  (4.9) 
 




4.3.4 Transversal Momentum for electron ( )rep  
In the figure 4.10, a situation is represented where an electron with 
mass of me, charge e, has a transvers momentum of 
r
ep  and emerges 
from the collision with an angle ϕ (depicted in red). The magnetic 
field (Bz) influencing the electron’s trajectory is applied along the 
direction of the spectrometer axis (z-axis). The motion of the electron 
has to be analyzed in order to reconstruct the transversal momentum 
and azimuthal angle.   
The electrons are confined to a cyclotron motion as they travel to the 
detector. The frequency (ωc) of revolution is given by 








                                 (4.10) 
Where Tc is the cyclotron time which it takes the particle to complete 
a full revolution. The value of Tc can be obtained experimentally 
without knowledge of the exact magnetic field strength, which is 
already discussed in the section 4.2.1.      
 
 Figure 4.10: Projection of a cyclotron trajectory on the detector plane 
and illustration of the reconstruction of transverse momentum rep  and 
its in-planar angle ϕ.  




The radius of the cyclotron motion (Rc) for a particular magnetic field 
(Bz) depends on the transverse momentum, and this can be expresses 
as following:  








                                       (4.11) 
The radius of the cyclotron motion (Rc) cannot be measured directly 
as we do not know the exact position of the axis of the cyclotron 
trajectory. But we can determine the angle   α between the start point 
and the end point along the xy- projection of the trajectory. This angle 
is given by c t    (where, ωc is frequency of revolution, t = time-
of-flight). By this, we can calculate the cyclotron radius using simple 
geometrical considerations as 
                                            






                             (4.12) 
Finally, the transversal momentum of the electron ( rep ) can be 
expressed as:  
                              







                        (4.13) 
The azimuthal angle during the emission ϕ  is related to angle ϑ in the 
detector plane  and  can be written as 
                                                
2
ct                                       (4.14) 








4.4. Calibration method 
 
In the electron impact ionization and fragmentation process [(e, 2e + 
ion) measurement], after collision there are two electrons (scattered 
electron and ejected electron) and one fragment ion in the final state, 
which are detected. The mass ratio of proton to electron is 1836, i.e. 
the proton is much heavier than the electron. Therefore, in the 
collision process, where all fragments obtain similar momenta the 
energy of the ion is much smaller than the energies of the electrons 
and safely negligible. For the calibration of energy of the final state 
particles we only take into account of the outgoing electrons. On the 
other hand, for the calibration of the momenta, we should consider all 
of the final state particles. Details of calibration procedure are 
discussed as below: 
 
4.4.1 Calibration for Electrons 
 
For the calibration of the electrons energy, we just consider the energy 
conservation principle. Here, we consider the incoming projectile 
electron with energy of E0 chosen for a particular experiment. Then, 
the incident projectile energy E0 must be equal to the sum of the 
energies of the final state electrons, the ion, and the change in internal 
energy (Q) which includes the ionization potential and excitation 
energies:    
                                          E0 =   Eion + E1 + E2 + Q                  (4.15) 
Again as discussed above we can safely neglect the energy of the ion 
Eion. E1 and E2 are the energies of the scattered and ejected electron, 
respectively, Q is the internal energy and can be defined as the energy 
difference between the initial and final state of the target and depends 
on the particular reaction channel. The projectile electron energy E0 is  
fixed for an individual experiment.  




Then, we can define the energy sum of the final state particles by the 
following equation:  










                                  (4.16) 
Where 1p and 2p  are the momenta of the scattered and ejected 
electron respectively.  According to the equation (4.15), the energy 
sum can also be written as the following equation:   
                                   Esum = E0 – Q                                              (4.17) 
As an example, for the CF4 molecule, the five outer-valence orbitals 
are 1t1, 4t2, 1e, 3t2, and 4a1, for which the Q values are 16.20 eV, 
17.40 eV, 18.50 eV, 22.12 eV and 25.12 eV, respectively. In addition, 
the Q values of the inner-valence orbitals (2t2, 3a1) are 40.3 eV and 
43.8 eV, respectively for the same molecule.  Thus, the energy sum of 
the final state particles can be easily calculated by subtracting the Q 
value from the incoming projectile electron energy according to the 
equation (4.17). 
In the Figure 4.11 (a)-(b), it is presented the energy sum plot for the 
single ionization of Argon (Ar), and tetrafluoromethane (CF4) with the  
projectile electron energy of E0 = 67 eV.  For the argon atom, mainly 
ionization of 3p orbital contributes. On the other hand, for 
tetrafluoromethane (CF4) ionization of the orbitals of 1t1, 4t2, 1e, 3t2, 
and 4a1 is contributing. The energy sum (E-sum) resolution (FWHM) 










Figure 4.11. Energy sum spectrum for single ionization with a 
projectile energy E0 = 67 eV, (a) For Argon (Ar), and (b) 
tetrafluoromethane (CF4). 
 




Furthermore, the binding energy (BE) of the particular orbital can be 
obtained as: 
                          Binding Energy (Eb) = E0 – E1 – E2                  (4.18) 
For the calibration of the electron spectrometer, ionization of argon 
atoms in the 3p orbital with well-known binding energy is used. The 
full width at half maximum (FWHM) for the Ar (3p) BE is about 2.65 
eV which corresponds to BE resolution (∆Eb) of the experiment at E0 
= 67 eV [Figure 4.12 (a)]. 
 
       
Figure 4.12 Binding energy spectrum for single ionization with a 
projectile energy of E0 = 67 eV, (a) For Argon (Ar), and (b) 
tetrafluoromethane (CF4).  
As explained above the electron momenta are calculated on the basis 
of the spectrometer and detector geometries and of the electric and 
magnetic fields used for extraction and projection of the electrons. 
Since the some values as, e.g., the lengths of the extraction and drift 
regions are hard to determine precisely calibration and correction 
procedures are carried out to achieve an optimal calibration and 
resolution.  
For the calibration of transverse momentum of the outgoing electrons, 
two position parameters (x0, y0) in the unpack step must be checked 




and parameters of shiftX and shiftY in the analysis step have to be 
chosen properly. A good calibration is obtained when the center of 
distribution of the transverse momentum along x-direction (Px), and 
transverse momentum along y-direction (Py) are at the zero position 
as shown in the Figure 4.13 and 4.14.   
 
    
Figure 4.13: (a) The transverse momentum of the scattered electron 
(e1) for a single ionization  tetrafluoromethane (CF4) with a projectile 
energy of E0 = 67 eV, (b) The transverse the momentum of the 
scattered electron (e1) along x- direction, and (c) The transverse the 
momentum of the scattered electron (e1) along y-direction. 






   
Figure 4.14: (a) The transverse momentum of the ejected electron (e2)   
for a single ionization  tetrafluoromethane (CF4) with a projectile 
energy of E0 = 67 eV, (b) The transverse the momentum of the ejected 
electron (e2) along x- direction, and  (c) The transverse the momentum 
of the ejected electron (e2) along y-direction.  
 




More calibration parameters are the strength of the extraction field and 
length of the drift path. Additionally there is scalePz which allows 
scaling the longitudinal momentum directly and scaleT which scales 
the TOF in equation 4.3. For optimizing the calibration parameters 
also the energy sum of the electrons is used since for ionization of 
standard noble gas atoms the ionization energy is well known and 
should be reproduced by the measurement independently of the 
energy sharing between the outgoing electrons and therefore the 
momenta of the individual electrons.  A wrong choice of any 
calibration parameter will lead to miscalculated longitudinal and 
transversal momentum and, thus also a wrong energy sum. A proper 
calibration is obtained, when the energy sum has the correct value and 
is independent of transversal and longitudinal momentum of both 
electrons.  The example in Figure 4.15 shows that the energy sum is 
essentially independent of the longitudinal momentum of scattered 
projectile electron, and the ejected electron. Here the energy sum of 
the two outgoing electrons after single ionization of CF4 at E0 = 67 eV 
is presented versus the longitudinal momentum of first and second 
electron. The two dimensional (2D) map exhibits high intensity along 
a vertical line at Esum ≈ 49 eV which represents the single ionization 
of CF4 in the outermost orbitals. Intensity maxima are found for large 
forward momentum around 1.7 a.u. corresponding to scattered 
projectiles and around 0 a.u. corresponding to the ejected electrons. 
The horizontal lines with vanishing intensity correspond to 
longitudinal momentum values for which the electrons hit the detector 
in the insensitive center hole. For the respective TOFs the electrons on 
their cyclotron motion return to the spectrometer axis irrespective of 
their transversal momentum. 
 





Figure 4.15: Two dimensional (2D) correlation map between energy 
sum (Esum), and longitudinal momentum of the scattered electron (e1) 
and ejected electron (e2) for the CF3
+
 ion at E0 = 67 eV impact energy. 
The intensity is presented on a log scale.  
As an example for a wrong calibration, the Figure 4.16 shows the 
same data as in the Figure of 4.15 but with the time scaling (scaleT) 
off by −10 %.  It is clearly visible or understood that the lower scaleT 
changes the distribution towards the larger momenta, and shifts the 
peak structure towards larger values of the energy sum. A vice versa 
effect can be observed for an increasing time scale parameter. In 
principle, the scaleT is used to correct for of the geometrical 
extensions of the spectrometer. The two dimensional (2D) map is 









Figure 4.16: Same plot as in Fig. 4.15 but with ScaleT off by −10 %. 
The intensity is presented in log scale. 
The magnetic field plays an important role in this type of experiment. 
The reconstruction of the time origin (t0) and the transversal electron 
momentum strongly depend on the magnetic field. Therefore, an 
accurate value for the magnetic field has to be obtained from the 
analysis of the cyclotron time (Tc). For this experiment, the magnetic 
field (Bz)  is 6.66 Gs.  
Again a miscalibration with respect to the data for Figure 4.15 is 
shown in the Figure 4.17.  For this purpose, the magnetic field value is 
chosen to be 6.66 Gs + 0.1 Gs = 6.76 Gs. The biggest impact is for 
electrons with small longitudinal momentum and, therefore, 
comparably long TOF which correspond to the ejected electrons. . The 
transversal component is then small and it is the effect of the magnetic 
field. As result the cyclotron angle through which the electron moved 
on its trajectory through the spectrometer is miscalculated and the 
transversal momentum analysis according to equations  4.13 and 4.14 
gives incorrect results. In the Figure, the peak distribution is rotated 




with respect to the center of the wiggles counterclockwise. In addition, 
the magnetic field value is chosen to be 6.66 Gs - 0.1 Gs = 6.56 Gs. 
Then a vice versa result is observed as can be seen in the Figure 4.18. 
This means the peak distribution is rotated with respect to the center 
of the wiggles is clockwise.  
 
Figure 4.17: Same plot as in Fig. 4.15.   An example of miscalibration 
of the magnetic field Bz by +0.1 Gs. The intensity is presented in log 
scale. 
 





Figure 4.18:  Same plot as in Fig. 4.15. An example of miscalibration 
of the magnetic field Bz by -0.1 Gs. The intensity is presented in log 
scale. 
 
4.4.2 Calibration for Ions 
 
The calibration parameters for electron momentum analysis are found 
using energy conservation. The calibration parameters for the ion 
momentum analysis can be obtained by making use of momentum 
conservation of the final state particles. The calibration procedure for 
molecular ions can be categorized into two different cases of reaction 
channels such as (i) non-dissociative ions, and (ii) dissociative ions. 
The details of the ion calibration procedure  is discussed below. 
 
 




4.4.2.1 Non-dissociative ion 
To calibrate the non-dissociative ionic momentum, we consider single 
ionization of neon (Ne) atom, where we can detect all the final state 
particles. The reaction for the ionization of neon (Ne) can be written 
as: 
                                   e
-
 + Ne → Ne
+
 + 2e
-    
                                 (4.19) 
 The momentum conservation of the final state particles can be 
expressed by the following equation:                            
                                  0 1 2ionp p p p                                      (4.20) 
where ionp

is the momentum of the ion, 0p

  is momentum the 
incoming projectile electron, 1p  and 2p   are the momenta of the 
scattered and ejected  electrons, respectively. As the electrons are well 
calibrated, we can adjust the calculation for the ions to fulfil the 
momentum conservation as like equation of (4.20). To achieve this, 
we apply parameters and scale factors for the transverse and 
longitudinal momentum of ion.  For the transverse component of the 
momentum, we should check the position parameters of (x0, y0) in the 
unpack step, and scale factor of  Px, and  Py in the analysis step. On 
the other hand, for the longitudinal component of the momentum, we 
have to use the scale factor of Pz and T. A good calibration has been 
found when the summed electron momenta balances the momentum 
of the ion as like in the Figure 4.19(a)-(e). 
 
 






Figure 4.19: The spectra show the momentum balance of the final 
state particles [two electrons (2) and one  Ne
+
 ion] after single 
ionization of neon(Ne) with E0 = 100 eV impact energy. In the 2D 
diagrams the red dashed lines indicating momentum conservation line. 
The left column shows [Figures (a), and (c)] how the sum-momentum 
of all final state electrons balances the momentum of the recoil ion for 
the x- and y-direction, respectively. The right column shows [Figures 
(b) and (d)] the width of the summed momentum of all final state 
particles, providing information on the momentum resolution of each 
component. 
 





Figure 4.19(continued): (e) The 2D diagram shows electron 
longitudinal momentum sum versus ion longitudinal momentum.   
 
4.4.2.2 Dissociative Ion  
To calibrate the dissociative ionic momentum, the ionization of 
tetrafluoromethane (CF4) molecule where we can measure all final 
state particles except of one neutral fragment is analyzed.  For electron 
impact ionization in the outer valence orbitals the CF4 molecule 
dissociates into the CF3
+
 ion and one neutral fluorine atom  
                     e
-
 + CF4 → CF4
+




 + F + 2e
-
                (4.21) 
According to the equation of (4.21), the momentum of the ion (CF3
+
) 
can be written from the momentum conservation law. Therefore,  
                                      
3
0 1 2FCF
p p p p p                          (4.22)                                      
Where 
3CF
p   and Fp  is the momentum vectors of the CF3
+
 ion and 
neutral F atom respectively. The  0p   is momentum  of the incoming 




projectile electron, 1p  and 2p   are the momenta of the scattered and 
ejected  electrons, respectively 
For the calibration of dissociative ionization, we have to use three 
momentum component parameters of   scalePx, scalePy, scalePz in the 
analysis step. In addition, parameters of shiftX and shiftV_y in the 
analysis step is also useful.  
At first we take into account the momentum component along x-
direction (Px). We have to check whether the center of the distribution 
is in the zero position or not. If it isn’t in the right position, then we 
have to use the parameter of shiftX to adjust the position. Secondly, 
we compare to momentum component along y-direction (Py) with that 
of along x-direction (Px). The shape and width of this two distribution 
should be similar. To achieve this, scale Py and shiftV_y are used.  
Thirdly, we compare the momentum component along z-direction (Pz) 
with Px.  The shape and width of the distribution should be similar if 
the dissociation is isotropic. To make this scale Pz is used.  
In the Figure 4.20, the transversal and longitudinal momentum 
distributions for the CF3
+
 ion are shown. Here, in the 2D diagram of 
the transverse momentum of the ion [Figure 4.20(a)], it is noticed that 
some data is missing (shadow) due to electron gun, which is already 
discussed in the section 4.2.2 for the position diagram.  
A good calibration is obtained when the center of distribution of the 
transverse momentum along x-direction (Px) and y-direction (Py), and 
longitudinal momentum(Pz) are at the zero position as shown in the 











Figure 4.20: (a) The transverse momentum of the ion, (b) The 
transverse the momentum of the ion along x- direction, (c) The 
transverse the momentum of the ion along y-direction, (d) The 
longitudinal the momentum of the ion along z- direction.  
 
4.4.3 Obtaining the triply-differential Cross-sections 
(TDCS) 
When the momentum vectors of all final state particles are well 
calibrated, then  the data are saved for the final step accumulation of 
FDCS. In this step, we will obtain (e, 2e) triply differential cross 
sections (TDCS) which are differential  in the solid angles of both 
electrons (scattered and ejected electrons) and the energy of ejected 




(slow) one.  Thus, the TDCS is a function of the final state solid 
angles of the scattered electron Ωe1, the ejected electron Ωe2, and the 
energy of the ejected electron (Ee2).                                                
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                                  (4.23) 
Where, sini i i id d d    , denote the solid angles of the two final 
state electrons, respectively, and Ee2  is the ejected electron energy. 
 
Figure 4.21. Illustration of the scattering kinematics with incoming 
projectile momentum p0 along the z-axis and scattered projectile with 
momentum pe1 and scattering angle e1 defining the xz-plane (red 
solid frame). The perpendicular (yz) and the full perpendicular (xy) 
planes are indicated by green (dotted) and blue (dashed) frames, 
respectively.  The direction of the momentum transfer is denoted by q. 
 
 
The schematic of the experimental geometry in Figure 4.21, shows 
that the coordinate frame is chosen such that incoming projectile 
electron momentum 0( )p  is directed along the z-direction. The fast 
outgoing electron is scattered into the z-x plane with momentum 
1( )ep  and polar angle e1. For very asymmetric energy sharing as it is 
the case in the present studies the fast electron can be safely 




considered as the scattered projectile and the momentum transfer (q) 
is defined as  0 1eq p p  . The momentum transfer plays an important 
role in the collision dynamics in the asymmetric geometry, which is 
revealed, e.g., in the angular emission pattern of the ejected electron.  
Figure 4.21 also shows  particular planes in the collision frame which 
are the coplanar, perpendicular and full perpendicular planes.  In the 
coplanar plane (xz-plane), the ejected electron (e2) is detected in the 
scattering plane, which is defined by the incoming projectile and the 
fast outgoing electron (scattered projectile: e1). The perpendicular 
plane (the yz plane) is perpendicular to the scattering plane but 
contains the incoming projectile momentum 0( )p . In the full-
perpendicular plane (the xy plane), which is perpendicular to the 
incoming projectile direction, the ejected electron’s polar angle is 
fixed to θe2 = 90
◦





As the electron detector has a central hole and due to the cyclotron 
trajectory of the electrons in the spectrometer magnetic field some 
electrons are not detected.. Therefore, blank areas appear in the 
momentum distribution of the ejected electron [Figure 4.22(a)]. This 
section demonstrates the possibility of filling these blank areas by 
several runs of measurement with different spectrometer voltages.  
In order to fill theses gaps, the experiment for a particular target gas is 
performed with three different spectrometer voltages for producing the 
extraction field, for example, 15 V, 18 V, and 23 V. Therefore, 
shifting those electron TOFs. The three (3) measurements are 
independent and have to be combined during the offline analysis to fill 
the empty regions in Figure 4.22(a) by those of measurement of  
Figure 4.22(b), and the still empty areas by the measurement of  
Figure 4.22(c). This is done by three different polyconditions in the 
FDCS step, and by putting regular and invert parameters. The 
calibration of combination of three different measurements has to be 
done very carefully. Since not only have the edges of each wiggle to 
be cut, but also one has to take into account the possible differences in 
the count rate. This requires the individual measurements to be scaled, 
to ensure a smooth transition. For three measurements, the scale factor 




of Scale_1, Scale_2, Scale_3, Scale_12, Scale_13, Scale_23, 
Scale_123  in the FDCS step have to be used. In this experiment, the 
spectrometer voltages are used as 15 V, 18 V and 23 V with the same 
magnetic field of (Bz) ≈ 8.3 Gs.  
 
Figure 4.22: Longitudinal versus transversal momentum distribution 
of the ejected electron (e2) for a single ionization of carbon dioxide 
(CO2) at E0 = 100 eV impact energy.  (a) 15 V, (b) 18 V, and (c) 23 V.  
 
 




In addition, we have to select conditions for the energy of the ejected 
electron, and the scattering angle of the fast electron. In the 
experiment a large part of the full solid angle is detected and thereby 
diverse planes, cutting through a three dimensional (3D) cross-section 













In this chapter, we summarize the first experimental results of the 
study of ionization and fragmentation of tetrafluoromethane (CF4) 
molecule induced by electron impact at low energies (E0 = 38 and 67 
eV). We use a reaction microscope (REMI) combined with a pulsed 
photoemission electron beam for our experimental investigation. The 
momentum vectors of the two outgoing electrons (energies E1, E2) and 
one fragment ion are detected in triple coincidence (e, 2e + ion). After 















 channels, we measure the ionized orbitals 
binding energies,  the kinetic energy (KE), the kinetic energy release 
(KER) of the charged fragments and the two-dimensional (2D) 
correlation map between binding energy (BE) and KER of the 
fragments. From the BE and KE spectra, we conclude which 
molecular orbitals contribute to particular fragmentation channels of 





 ions as function of projectile energy. We 
compare our results with earlier experiments and calculations for 
electron-impact and photoionization. The major contribution to CF3
+
 
formation originates from ionization of the 4t2 orbital while CF2
+
 is 
mainly formed after 3t2 orbital ionization. We also observe a weak 
contribution of the (4a1)
-1







Tetrafluoromethane (CF4) is one of the major fluorine containing 
molecules which is very important in semiconductor industry and used 




in etching processes [86]. It is an interesting molecule because of 
having high chemical stability, a high degree of symmetry and 
unusual dissociative behavior of its ionic fragments [87–89]. The 
absorption ability of infrared radiation of this molecule is large and 
consequently, it is a potent greenhouse gas and in the earth 
atmosphere it contributes to the global warming. Various experiments 
and calculations have been done on CF4 molecules with different 
experimental and theoretical methods to study the electronic structure, 
the various ionization channels, partial and total ionization cross 
sections, generalized oscillator strengths, and orbital momentum 
densities. Studies of photon induced reactions include fluorescence 
measurements [102], photoabsorption [103], photoelectron 
spectrometry [104-110], threshold photoelectron spectroscopy (TPES) 
[111-114], photoion detection [115-116] and various coincidence 
methods like photoelectron–photoion coincidences (PEPICO) [117-
120], threshold photoelectron–photoion coincidences (TPEPICO) 
[88,121,122] and threshold photoelectron–fluorescence coincidences 
(TPEFCO) [89]. Photo double ionization was studied using photoion–
photoion coincidences (PIPICO) [123-125], photoelectron–
photoelectron coincidences (PEPECO) [126] and threshold 
photoelectron–photoion–photoion coincidences after core ionization 
(TPEPIPICO) [127]. There are also studies reported on negative ion 
fragment formation by photons [128]. Electron impact studies include 
measurements on electron energy loss [129-137], excitation [138], 
ionization observing total [139,140], total dissociation [141] and 
partial ionization cross sections using fragment ion mass analysis 
[138], [142-148]. Furthermore, binary (e, 2e) studies [149,150] and 
electron impact fragment ion–photon coincidences (FIPCO) [151] 
were performed. However, to the best of our knowledge there are no 
experiments on electron impact induced fragmentation of CF4 where 
the binding energies and, therefore, the ionized orbitals leading to 
particular fragment ions are resolved and identified. This is possible 
only in (e,2e+ion) triple coincidence measurements where the energies 
of both outgoing electrons as well as the energy and the charge to 
mass ratio of the fragment ion are measured Here, we report 
measurements on the ionization and fragmentation of CF4 at low 




electron impact energies (E0 = 38 and 67 eV) using the triple 
coincidence method (e, 2e + ion) in which two outgoing electrons 
(energies E1 and E2) and one fragment ion are detected. The two 
projectile energies were chosen to see cross section dependences on 
impact energy and, furthermore, to obtain information on a suspected 
resonance in the CF2
+
 ion yield near 38 eV impact energy. For the CF4 





 fragment ions, their momentum vectors, the ionized 
orbital binding energies (BE) and kinetic energy release (KER) values 
are measured. Furthermore, the correlation map between BE and KER 
for each product are obtained. We can define the binding energy Eb as 
 
                                     0 1 2bE E E E                                           (5.1) 
 
Here, E0 is the initial projectile energy, E1 and E2 denote the energies 
of the two outgoing electrons (scattered electron and ejected electron). 
The BE is the vertical transition energy required to ionize a particular 
electronic orbital [30, 73, 75]. The summation of the kinetic energies 
of the ion and the neutral fragments formed in the dissociation process 
is the KER. The KER reveals the nature of the ground state wave 
function of the molecule and also the shape of the potential energy 
surfaces in which the ion has been formed. The kinetic energy 
released is given by 
 










                        (5.2) 
In case of a two-body decay, the momentum of the ion and that of the 











 from CF4 are clearly 
resolved. We compare our results with electron impact ionization 
[129, 132, 143, 144, 149], and photoionization studies [104, 107-109, 








5.2 Measurement Procedure  
 
The details of experimental procedure are described in the chapter 3. 
Here, a short note of the experimental method for this particular target 
gas of tetrafluoromethane (CF4) is given. To perform these 
experiments, we used an advanced reaction microscope which is built 
especially for electron impact ionization studies [22, 30]. A well-
focused (≈1 mm diameter) and pulsed electron beam of a particular 
energy (for this experiment, E0=67 eV, and 38 eV) crosses a 
supersonic gas jet. The target gas expands through a nozzle of 30 µm 
diameter, passes two skimmers and finally enters the main scattering 
chamber. We used a photoemission electron gun in which a tantalum 
photocathode is illuminated by a pulsed ultraviolet laser with 
wavelength 266 nm (≈ 4.66 eV) and pulse duration of less than 0.5 ns. 
The electrons are accelerated to form a pulsed electron beam of 
desired energy which intersects the molecular beam at 90
◦
. For 
ionization the charged particles (two electrons and one ion) are 
accelerated and guided by homogeneous electric and magnetic fields 
and finally detected by the electron and ion detectors which 
are placed opposite to each other. For each triple-coincidence the 
particles’ times of flight (TOF) and positions on the detectors are 
measured. In the offline analysis we can obtain the momentum vectors 
for all particles. The solid angle for the electron detection is almost 4π. 
In the case of a dissociation process, we can measure the orbital 
binding energy, the kinetic energy (KE) of the fragment ion and the 
two-dimensional (2D) correlation map between BE and KE of the 
fragments. 
In addition to the above fixed projectile energy studies, we also 





 ions as function of impact energy from 15 eV to 45 eV. 
For the measurement of the total partial ionization cross 





have used the experimental setup described in an earlier study [153].  
 




For calibration of the electron spectrometer, ionization of the argon 
atoms in the 3p orbital with well-known binding energy was used. The 
Figure 5.1(a) and (b) shows the energy sum, and binding energy (BE) 
spectrum for single ionization with a projectile energy E0 = 67 eV for 
Argon (Ar). The full width at half maximum (FWHM) for the Ar(3p) 
BE is about 2.65 eV which corresponds to BE resolution (∆Eb) of this 
experiment at E0 = 67 eV [Figure 5.1 (b)]. The accuracy of the 
measured ion kinetic energies ∆EKE is determined by the momentum 
resolution ∆pion of the ion spectrometer. In the present measurement 
the ion momentum 
ionp
  transversal to the ion extraction field is 
determined from ion detection position on the detector and the ion 
time of flight TOFt  according to  







                                  (5.3) 
Here mion is the ion mass and r is the ion detection position with 
respect to the center of the detector where ions with zero initial 
transversal momentum are detected. The momentum resolution is 
limited by the size of the ion source volume of about 1 mm which 
directly translates into the accuracy for the measurement of r and by 
error propagation to ∆EKE. As result the accuracy of the KER values 
for CF3
+
 is ±0.08 eV. For CF2
+
 the accuracy of the KER is ±0.025 eV 
while for the CF2
+
 kinetic energy it is ±0.011 eV. 




      
 
Figure 5.1: (a) Energy sum spectrum for single ionization with a 
projectile energy E0 = 67 eV for Argon (Ar), (b) Binding energy 
spectrum for single ionization with a projectile energy of E0 = 67 eV 
for Argon (Ar). 




5.3 Results and discussions 
The CF4 molecule has tetrahedral geometry. The ground state 
electronic configuration of the CF4 molecule (in td symmetry) [106, 
132, 154] is given by 
2 6 2 2 6 2 6 4 6 6 1
1 2 1 1 2 1 2 2 1 1
11
(1 ) (1 ) (2 ) (3 ) (2 ) (4 ) (3 ) (1 ) (4 ) (1 )
C sF s inner valence outer valence
a t a a t a t e t t A
 
 
The two lowest unoccupied orbitals (LUMOs) in the ground state of 
this molecule are 5a1 and 5t2 [104]. The five outer-valence orbitals are 
1t1, 4t2, 1e, 3t2, and 4a1 and their vertical ionization energies are 
known from high resolution HeI and HeII Photoelectron Spectra 
(PES) to be 16.20 eV, 17.40 eV, 18.50 eV, 22.12 eV and 25.12 eV 
respectively [154]. The vertical ionization energies of the inner-
valence orbitals (2t2, 3a1) are 40.3 eV and 43.8 eV respectively [152, 
155]. The three highest occupied molecular orbitals (HOMOs) are the 
lone-pair orbitals of the fluorine atoms and lie within an energy range 
of 2.3 eV. Ionizing one electron from the outer-valence orbitals with 
increasing binding energy will lead to CF4
+
 in the ionic states  
2 2 2 2
1 2 2, , ,X T A T B E C T , and 
2
1D A . 
5.3.1  Fragment ion time of flight (TOF) spectrum of CF4 
The time of flight (TOF) spectrum of the ionic fragments observed at 











 can be clearly identified. 
The parent ion CF4
+
 is not observed due to its instability 
[133,135,144]. According to Stephan and coworkers [142], Brehm 
coworkers [118] and Fiegele and coworkers [146], the life time of 
CF4
+
 ion is below 10 µs. On the other hand, some studies found 
indications of the existence of the CF4
+
 ion with very small relative 
intensity [156-159]. In our experiment with a transit time of ~20 µs 
from the interaction zone to the detector the CF4
+
 ion signal was 
below the detection limit. 





Figure 5.2: The experimental time of flight (TOF) spectrum for 






For electron impact ionization of the CF4 molecule the CF3
+
 ion is the 
main product. It is formed by the loss of one neutral fluorine atom 




 + F). The experimental two-
dimensional (2D) maps showing the correlation between BE and KER 
for the CF3
+
 channel are displayed in Figures 5.3 (a) and 5.4 (a) for 
impact energies of E0 = 67 eV and 38 eV, respectively. The pure BE 
spectra are presented in Figures 5.3(b) and 5.4(b) for E0 = 67 eV and 
38 eV respectively. The calibration of the BE is done by measuring 
ionization of the Ar (3p) orbital (BE = 15.75 eV). In the Figure 5.1(b), 
the BE histogram of Argon is shown for E0 = 67 eV under the same 
experimental conditions as used for CF4. 






Figure 5.3: (a) Two dimensional (2D) correlation map between KER 
and BE for the CF3
+
 ion at 67 eV impact energy, (b) The binding 
energy spectrum. The solid circles with error bars are the experimental 
data. The solid red, green, blue, cyan, and magenta lines show the 
contributions of the orbitals 1t1, 4t2, 1e, 3t2 and 4a1 respectively. The 
solid yellow line shows the sum of the Gaussians. The vertical red 
lines on the top of the figure indicate the energies of the different 
molecular orbitals that contribute to form CF3
+
 ions. 





Figure 5.3 (continued):  (c) The total KER distribution and KER for 
1t1 (BE: 13–16 eV), 4t2 (BE: 16–18.5 eV), 1e (BE: 18.5–20.5 eV), 3t2 
(BE: 21–23 eV), and 4a1 (BE: 24.5–27 eV) orbitals, (d) The kinetic 








The BE distribution shows a main peak at ∼17 eV and a shoulder and 
a tail at higher energy. The contributions of the individual orbitals are 
analyzed by a Gaussian multi peak fitting method. The widths of the 
Gaussian functions correspond to the experimental resolution and the 
positions are taken as the literature values of the orbitals’ vertical 
binding energies. Several ionization channels contribute to form CF3
+
. 
The dominant peak at 17.4 eV is due to the ionization of 
the three orbitals 1t1, 4t2 and 1e. These three orbitals are energetically 
not resolved. The peak observed at 22.12 eV is due to the ionization 
of the orbital 3t2 and partly due to autoionization states [108, 111, 
154]. Interestingly the peak intensity relative to the main peak at 17.4 
eV changes with the projectile energy. For E0 = 67 eV the relative 
intensity is 25% [Figure 5.3(b)] while for E0 = 38 eV the intensity 
increases to 36% [Figure 5.4(b)]. Finally, a third weak contribution at 
25.1 eV is due to the ionization of the orbital 4a1. The total KER 
spectrum and the individual contributions of the different orbitals are 
shown in Figures 5.3 (c) and 5.4(c) for E0 = 67 eV and 38 eV, 
respectively. The KER is rather large peaking at around 1.0 eV. At E0 
= 67 eV, the mean KER values (uncertainty ±0.07 eV) for the 
individual orbitals of 1t1, 4t2, 1e, 3t2 and 4a1, are 1.05 eV, 1.13 eV, 
1.17 eV, 1.16 eV and 1.18 eV respectively (uncertainties of all values 
±0.07 eV) while at E0 = 38 eV we find very similar mean KER values 
of 1.05 eV ( )X , 1.12 eV ( )A , 1.13 eV ( )B , 1.13 eV ( )C   and 1.13 eV 
( )D . These KER values are obtained by analyzing the KER spectra 
for binding energy intervals as given in the caption of Figure 5.3(c). 
Clearly the present binding energy resolution is not sufficient to 
completely disentangle the KER spectra of the three lowest states. 
However, still we can recognize the smaller mean KER of the 1t1 
orbital in particular with a peak position of the KER distribution at 
0.92 eV. The KER curves for the other orbitals are close to each other. 
Our results are in reasonable agreement with earlier TPEPICO values 
from Creasey and coworkers [88] for the two lower states but not for 
the higher states, where these authors obtained higher mean energies 
(1.27 ± 0.14 eV ( )B , 1.34 ± 0.10 eV ( )C  and 1.54 ± 0.13 eV ( )D . 
One uncertainty there could be the reconstruction of the KER purely 




from ion time-of-flight and not from the full ion momentum vector as 
in the present case. A more recent high resolution TPEPICO 
experiment [121] observed the three lowest states with mean KER 
values of 0.90 eV, 1.20 eV and 1.09 eV. From the high KER values 
observed, these studies concluded that both the  X and  A  states 
dissociate immediately and non-statistically on their individual 
repulsive potential energy curves leading to slightly different KER, as 
it is also observed in the present data. 
 
 
Figure 5.4: (a) Two dimensional (2D) correlation map between KER 
and BE for the CF3
+













      
 
Figure 5.4(continued): (b) The binding energy spectrum. The solid 
circles with error bars are the experimental data. The  solid red, green, 
blue, cyan, and magenta solid lines show the contributions of the 
orbitals 1t1, 4t2, 1e, 3t2 and 4a1 respectively. The solid yellow line 
shows the sum of the Gaussians. The vertical red lines on the top of 
the figure indicate the energies of the different molecular orbitals that 
contribute to form CF3
+
 ions, (c) The total  KER distribution and KER 
for 1t1 (BE: 13–16 eV), 4t2 (BE: 16–18.5 eV), 1e (BE: 18.5–20.5 eV), 
3t2 (BE: 21–23 eV), and 4a1 (BE: 24.5–27 eV) orbitals. 





On the other hand, the ionic B  state is initially bound. From the 
observed dissociation with similar KER as observed for the A  state it 
was inferred that there is a transition to this state via fast internal 
conversion (IC) or radiative decay. Our present data confirm that also 
the higher lying  C and  D states which KER values very close to the 
ones of the A and B  states undergo transitions to the ionic A  state 









 provide the main channels to form the CF3
+
 
ion. In addition, a weak contribution of the (4a1)
-1
 state is observed. 
Comparing the earlier studies for the formation of the CF3
+
 ion, this is 
in agreement with TPEPICO studies [88,116,122] while the PEPICO 
[120] and TPEFCO [89] studies did not identify the weak contribution 
of the (4a1)
-1
 orbital. Existing electron impact ionization studies were 
restricted to the detection of at most two of the three charged 
fragments. The electron impact dissociative ionization study [144] 
observed appearance energies and, therefore, discussed only the 
contribution of the (1t1)
-1
 state. The dipole (e, e) spectroscopy study 
















The second main product observed is the CF2
+
 ion. This ion can be 









 + 2F) dissociation process. The observed two dimensional (2D) 
correlational maps between BE and KER are shown in Figures 5.5 (a) 
and 5.6 (a) for E0 = 67 eV and 38 eV, respectively. Here we can 
identify clearly the reaction channels leading to the CF2
+
 ion. The 
dominant 3t2 orbital ionization gives rise to small KER values while 
the weaker 4a1 contribution shows its main intensity at KER between 
1 eV and 2 eV. The binding energy spectrum which is integrated over 
the KER is presented in Figures 5.5 (b) and 5.6 (b) for E0 = 67 eV and 
38 eV respectively. This spectrum is analyzed by a Gaussian multi-




peak fitting method. For both projectile energies we observed a 
dominant peak at 22.5 eV BE, which is due to the ionization of the 3t2 
state. The second peak at 25.5 eV is due to the ionization of the orbital 
4a1. Interestingly the lower projectile energy shows a reduced relative 
intensity for 4a1 ionization which can be due to approaching the 
threshold region since here the projectile excess energy is only 12.5 
eV. A small contribution with a binding energy lower than 20 eV is 
also seen [Figures 5.5(b) and 5.6(b)]. Since the lowest dissociation 
energy into CF2
+





) ion must be excited or autoionization states 3t2
-1
nl are 





Autoionizing states in this energy region have been observed before in 
a photoionization study [108]. For the moment, we label this 
contribution to the 1e orbital. 
 
 
Figure 5.5: (a) Two dimensional (2D) correlation map between KER 
and BE for the CF2
+
 ion at electron impact energy of 67 eV. 






Figure 5.5(continued): (b) The binding energy spectrum. The solid 
circles with error bars are the experimental data. The red, green, and 
blue solid lines show the contributions of the orbitals 1e, 3t2 and 4a1 
respectively. The solid cyan line shows the sum of the Gaussians. The 
vertical red lines on the top of the figure indicate the energies of 
different molecular orbitals which contribute to the CF2
+
 ion yield, (c) 
The total KER distribution and KER for 1e (BE: 16–20 eV), 3t2 (BE: 
20–24 eV) and 4a1 (BE: 25–28 eV) orbitals. 





Figure 5.5(continued):  (d) KE distribution. 
 
Figure 5.6: (a) Two dimensional (2D) correlation map between KER 
and BE for the CF2
+
 ion at electron impact energy of 38 eV. 






Figure 5.6 (continued): (b) The binding energy spectrum. The solid 
circles with error bars are the experimental data. The red, green, and 
blue solid lines show the contributions of the orbitals 1e, 3t2 and 4a1 
respectively. The solid cyan line shows the sum of the Gaussians. The 
vertical red lines on the top of the figure indicate the energies of 
different molecular orbitals which contribute to the CF2
+
 ion yield, (c) 
The total KER distribution and KER for 1e (BE: 16–20 eV), 3t2 (BE: 
20–24 eV) and 4a1 (BE: 25–28 eV) orbitals. 





                      Figure 5.6 (continued): (d) KE distribution. 
 





 + F2). The KER spectra for 1e, 3t2 and 4a1 orbitals are shown 
in Figures 5.5 (c) and 5.6 (c) for E0 = 67 eV and 38 eV, respectively. 
For the orbitals 1e and 3t2, we observed average KER of about 0.3 eV 
ranging up to 1.5 eV and 2 eV respectively. For the higher lying 
orbital 4a1, we observe a different behavior with a strong contribution 
at around KER = 1.5 eV compared to the 1e and 3t2 orbitals. This 
result agrees with the TPEPICO study [88] which found mean KER 
values of 0.57 eV and 1.50 eV for the 3t2 and 4a1 orbitals, 
respectively. In Figures 5.5(d) and 5.6(d) the measured fragment ion 
CF2
+
 kinetic energy (KE) is presented for E0 = 67 eV and 38 eV, 
respectively. These spectra are correct irrespective of two or three-
body decay. Our results are consistent with the TPEPICO studies [88, 
122]. Masuoka and Kobayashi [116] also observed similar results but 
did not observe the small contribution of the 1e orbital. The electron 
impact dissociative ionization study [144], found appearance energy 
below 20 eV and concluded the contribution of the (1e)
-1
 state. The 
dipole (e, e) spectroscopy studies [135] proposed that only ionization 
of the 3t2 state contributes to form the CF2
+
 ion. The PEPICO 











5. 3.4 Dissociative ionization cross sections 
 
In addition to the above fixed projectile energy studies we also 





 ions as function of impact energy from E0 = 15 eV to 
45 eV. The experimental setup used for this measurement is described 
elsewhere [153]. The relative scale of the cross sections for both ions 
is fixed. On the other hand our data are not absolutely normalized but 
scaled for the best fit to published absolute cross sections for electron 
impact which are shown in Figures 5.7 and 5.8 [142, 143]. Our 
ionization cross section for formation of CF3
+
 [Figure 5.7] shows a 
broad resonance structure at around 35.0 eV while this structure is 
only weakly indicated in the earlier electron impact experiments 
shown. In this diagram we also made a comparison with a 
photoionization study which also shows a maximum in the cross 
section [123].The partial ionization cross section for CF2
+
 as a 
function of projectile is shown in Figure 5.8. We observed a peak 
structure at around 35.0 eV which is more pronounced and broader 
than the resonance for the CF3
+
 channel. Also here we made a 
comparison with earlier studies for photoionization [123] and electron 
impact ionization for the CF2
+
 channel [142,143] which observed a 
similar behavior. 
 





Figure 5.7: Partial ionization cross section for formation of CF3
+
. 
Circular symbols (blue) show the current experimental data. 
Curves marked with crosses (black), stars (red) and diamonds  
(green) are data from references [123,142,143], respectively. 
 
 
In a calculation for photoionization [105], this resonance was 
tentatively assigned to a t2 shape resonance. Interestingly, increased 
cross sections in the vicinity of 35 eV were also measured for electron 








 + F 
[160]. Thus, the phenomenon is not restricted to ionization but also 





 channels for positron impact ionization at the 
energy of about 28 eV [161]. 





Figure 5.8: Partial ionization cross section for formation of CF2
+
. 
Circular symbols (blue) show the current experimental data. 
Curves marked with crosses (black), stars (red) and diamonds 
(green) are data from references [123,142,143],  respectively. 
 
This can be considered consistent with the present resonance energy if 
we take into account that for positron impact an energy gain of 6.8 eV 
occurs if positronium (Ps) is formed during the collision. This last 
observation makes the interpretation as a shape resonance 
questionable since electrons and positrons according to their opposite 
charge should experience different molecular potentials. Therefore, we 
have to conclude that there is no obvious explanation for the 
resonances which can explain the observations of all the existing 







Single ionization of CO2 by  
100 eV electron impact 
 
In this chapter, we summarize the second experimental results of a 
combined experimental and theoretical study for electron-impact 
ionization of carbon dioxide (CO2) for the projectile energy E0 = 100 
eV. Experimental triple-differential cross sections (TDCS) are 
obtained using a multi-particle momentum spectrometer (reaction 




  a 
large part of the full solid angle is covered for the slow ejected 
electron with energies between 5 eV and 15 eV. The experimental 
data are measured for the ionization of the three highest occupied 
molecular orbitals 1πg, 1πu, and 3σu which lead to a non-dissociating 
CO2
+
 ion. The measured TDCS summed over all three orbitals are 
internormalized across the scattering angles and ejected electron 
energies. They are compared to the theoretical results from the multi-
center distorted wave (MCDW) approximation, and from the MCDW-
WM approximation which includes post collision interaction using the 
Ward-Macek factor (WM). Good agreement is found between the 
experiment and the MCDW-WM calculations for both the angular 
dependence and the relative magnitude of the cross sections in the 
coplanar, perpendicular and full perpendicular planes, while the 
MCDW method shows strong discrepancies with experiment for the 








6.1 Overview  
 
Very detailed information on the dynamics of the projectile-target 
interaction and the role of many-body effects in ionization can be 
obtained from kinematically complete experiments, or so-called (e, 
2e) studies. In these experiments the momentum vectors of all three 
final-state particles (the scattered projectile e1, the ejected electron e2 
and the recoil ion) are determined [16, 164]. The quantity measured is 
the triple-differential cross section (TDCS), i.e., the cross section that 
is differential in the solid angles of both outgoing electrons and the 
energy of one of them. The energy of the other electron is fixed by 
energy conservation. Such experiments serve as a powerful tool to 
comprehensively test theoretical models [18,34,165].Earlier 
experiments could measure one particular kinematics at a time like 
electron emission within the projectile scattering plane with fixed 
energies of the outgoing final state electrons. In recent years, 
experimental techniques were developed that allow to simultaneously 
access a large fraction of the entire solid angle and a large range of 
energies of the continuum electrons in the final state and, thus, TDCS 
in three dimensional (3D) representations were obtained [57, 166]. In 
the same time theory has made tremendous progress in describing the 
electron-impact ionization dynamics of the simplest targets. The 
fundamental atoms hydrogen and helium are now considered to be 
well understood [167-171]. More recently sophisticated methods were 
also demonstrated for Ne (2p) and Ar (3p) [81,172,173]. 
 
For molecules electron-impact ionization of the fundamental H2 
molecule was mostly studied in experiments and several successful 
theoretical models were developed which can reproduce the observed 
electron emission patterns even within the molecular frame, i.e., for 
fixed-in-space molecular axis [99,174,175]. Studies concerning the 
ionization dynamics of larger and more complex molecules, however, 
are less numerous. The agreement between theories and experiments 
is not as good as for the simpler targets [176-182]. One of the reasons 
is the multi-center structure of molecules which is not straight forward 
to include in theoretical models in all its aspects. Here, we studied the 




ionization dynamics of carbon dioxide (CO2) which is a triatomic 
linear molecule and plays important roles in nature and in technical 
applications. CO2 is relevant in research fields from astrophysics to 
radiation chemistry, and it is the main component in the atmospheres 
of Venus and Mars. In the laboratory work, CO2 is widely used in 
various discharges, plasmas, laser systems and more.  
 
For electron-impact ionization of CO2 there exist only a few 
measurements for particular kinematical conditions - all restricted to 
the so-called coplanar geometry in which the incoming electron and 
both final-state electrons move in one common plane [179, 180,183]. 
Lahmam-Bennani and coworkers [179] have measured two kinematics 
for relatively high impact energy with the scattered projectile energy 
of 500 eV, 6° scattering angle and two ejected electron energies of 37 
eV and 74 eV. They studied the two cross section maxima which are 
characteristic for (e, 2e) reactions namely the maximum directed along 
the projectile momentum transfer direction (the binary peak) and the 
second maximum along the reversed direction (the recoil peak). 
Comparison with theoretical results using the first Born 
approximation–two-center continuum (FBA-TCC) approach showed 
rather poor agreement concerning the width of the binary peak and the 
relative intensity of the recoil peak. More recently the TCC approach 
was refined to three target centers (ThCC) [181] which should be 
more appropriate for the three-atomic CO2 molecule. Additionally, the 
authors have extended the basis for representing the target 
wavefunctions such that the binary peak agreement could be 
improved.  More recently, Ozer and coworker published coplanar 
TDCS for an intermediate projectile energy of 250 eV, 37 eV ejected 
electron energy and three different projectile scattering angles [180]. 
These were compared to the ThCC approximation which again did not 
well describe the binary peak structure and width as well as the recoil 
peak intensity. Here the molecular three-body distorted wave 
(M3DW) theory  was clearly in better agreement although some 
discrepancies still exist between M3DW results and experiment. 
The earliest (e, 2e) study on the CO2 ionization dynamics was 
performed by Hussey and coworkers [183]. 




They performed measurements at low impact energy from around 24 
eV to 100 eV at coplanar symmetric geometry where both outgoing 
electrons have the same energies and symmetrically equal angles. So 
far no theoretical calculations were published for this fairly 
challenging kinematics. 
 
A theoretical model, which has been frequently used to describe the 
ionization dynamics in complex molecules, is the sophisticated 
M3DW method which uses orientation-averaged molecular orbitals 
(OAMO) [34]. Recent (e, 2e) studies of CH4 and H2O indicate that it 
is more accurate to perform a proper average (PA) over orientation-
dependent cross sections rather than to use the OAMO for calculations 
[184,185]. The computational cost of the PA method, however, is 
much higher than the OAMO. Finally, a multicenter distorted-wave 
(MCDW) method has been developed recently to describe the 
ionization dynamics of molecules. So far, the MCDW method has 
been tested with TDCS in the coplanar geometry. Good agreement 
between MCDW and experiment is obtained for (e,2e) on CH4 and the 
formic acid (HCOOH) molecules [80,186]. Therefore, in the present 
work we examine if this theoretical approach yields proper results for 
CO2 as well.    
 
Here, we performed a kinematically complete study for electron-
impact ionization of CO2 at the relatively low energy E0 = 100 eV and 
strongly asymmetric energy sharing of the outgoing electrons. The 
measured TDCS are covering a large part of the full solid angle for the 
slow emitted electron. In this energy regime, the ionization dynamics 
becomes more sensitive to the multi-center potential of the molecule 
and physical effects such as post-collision interaction (PCI) and, e.g., 
charge-cloud polarization in the projectile-target interaction, and so 
accurate modelling of the ionization process is challenging. The 
experimental data in this work, therefore, would provide a good basis 
for thoroughly testing theoretical models. Ionization of the 1πg, 1πu, 
and 3σu orbitals is observed where we do not energetically resolve the 
individual states. The resulting parent ions are stable and do not 
dissociate:    
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                                              (6.1)                                                               
Here e0, e1, and e2 are the incoming projectile, the scattered electron 
and the ejected electron, respectively.   
 
Since the experimental data are internormalized for all different 
kinematical situations, a single common scaling factor is sufficient to 
fix the absolute value of all the experimental data which then can be 
compared with the theoretical calculations. The results presented here 
cover three ejected-electron energies (E2 = 5 eV, 8 eV and 15 eV) and 








).    
 
The experimental results of TDCS are compared to the above 
mentioned multi-center distorted wave (MCDW) method (see chapter 
2.8.4). The MCDW prediction is developed within the framework of 
the first Born approximation (FBA) in which a plane wave is used to 
describe the incoming and scattered projectile. The multicenter nature 
of the molecule is treated by describing the slow ejected electron by a 
distorted-wave moving in the multicenter potential. This method does 
not include the post collision interaction (PCI) between two outgoing 
electrons. PCI is accounted for in the MCDW-WM model with the 
Gamow factor calculated within the Ward-Macek (WM) 
approximation [82]. 
 
6.2 Measurement Procedure  
The details of experimental procedure is described in the chapter 3. 
Here, a short note of the experimental method for a particular target 
gas of carbon dioxide (CO2) is mentioned. The experiment has been 
performed using an advanced reaction microscope which was 
designed especially for electron-impact ionization studies. A pulsed 
electron beam from a thermo-cathode is crossed with a cold target in 
form of a supersonic molecular jet. The carbon dioxide gas expands 
from a stagnation pressure of 2 bars through a nozzle of 30 µm 
diameter into a vacuum chamber (10
-3
 mbar). It passes two skimmers 
for collimation and differential pumping and enters the main 
scattering chamber with 10
-8
 mbar pressure.  





The negative electrons as well as the positive recoil ion produced in 
ionizing collisions are extracted by homogeneous electric and 
magnetic fields into opposite directions and projected on two position- 
and time-sensitive detectors. In this experiment an (e,2e+ion) 
measurement was performed, i.e., triple-coincidences of both outgoing 
electrons and the CO2
+
 cation were recorded. From the positions of the 
hits on the detectors and the times-of-flight (TOF), the vector 
momenta of the particles can be calculated. It should be noted that the 
projectile beam axis (defining the longitudinal direction) is adjusted 
exactly parallel to the electric and magnetic extraction fields. As 
result, after passing the target gas jet the projectile beam reaches the 
center of the electron detector where a central bore in the micro-
channel plates allows the beam to pass without inducing a signal. With 
this setup a large part of the full solid angle is covered, 100 % for the 
recoil ions and 80 % for secondary electrons below E2 = 15 eV. Due 
to the detector hole there is a blind region for electrons with small 
forward (0° ± 20°) and backward (180° ± 20°) emission angles. The 
coincidence data are accumulated for the whole accessible final state 
phase space simultaneously. Therefore, the TDCS which are obtained 
in the offline data analysis by sorting the events according to 
projectile scattering angles and ejected-electron energies are 
internormalized. For the energy calibration of the electron 
spectrometer, we use the ionization of the neon atom in the 2p orbital 
which was measured with the same experimental settings. The Figure 
6.1(a) and (b) shows the energy sum and binding energy spectrum for 
single ionization with a projectile energy E0 = 100 eV for Neon.  The 
full width at half maximum (FWHM) for the Neon (2p) BE is about 
7.00 eV which corresponds to BE resolution (∆Eb) of this experiment 
at E0 = 100 eV [Figure 6.1 (b)]. 
  
 






Figure 6.1: (a) Energy sum spectrum for single ionization with a 
projectile energy E0 = 100 eV for Neon (Ne), (b) Respective binding 
energy spectrum.  
 
 




6.3 The CO2 Target 
CO2 is a linear triatomic molecule and the ground state electronic 
configuration of this molecule is given by   
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
          (6.2)            
 
The vertical ionization potentials of the three outermost 1πg, 1πu, and 
3σu orbitals are 13.8 eV, 17.6 eV, and 18.1 eV, respectively [187, 
188]. Here we study ionizing of an electron from one of these orbitals 
which will lead to stable non-dissociating CO2
+







Σu, respectively. In the present experiment the 1πg, 
1πu, and 3σu orbitals are not resolved due to the limited binding energy 
resolution. Thus, the experimental data represent the summed TDCS 
for the ionization of these three orbitals. Ionization of other orbitals 
does not contribute since the residual ion dissociates and does not give 
rise to a coincidence signal with the parent ion. For the discussion of 
the TDCS below it is useful to know the characteristics of the 
momentum profiles of the orbitals. The momentum profile of an 
orbital is defined as its density function in momentum space, i.e., the 
square modulus of its wave function in momentum space. The 
spherically averaged momentum profiles of the CO2 orbitals have 
been investigated experimentally and theoretically by Leung and 
Brion [189]. Figure 6.2(a)-(c) shows the 1πg, 1πu, and 3σu orbitals in 
position space obtained with the Gaussian 16 quantum-chemistry 
package [190]. The respective momentum space densities obtained by 
Fourier transformation of the position space orbitals are shown in the  
Figure 6.2(d)-(f). Clearly the three outermost orbitals have p-
character, i.e., their momentum profiles are zero for k = 0 and they 
have maxima for k ≠ 0. The orientation averaged 1πg (HOMO) and 1πu 
(HOMO-1) orbitals have maxima at k = 0.8 a.u. and 0.65 a.u., 
respectively. The 3σu (HOMO-2) orbital has two maxima at k = 0.5 
a.u. and 1.6 a.u. [189]. 
 




In the theoretical TDCS calculation, the equilibrium linear molecular 
geometry is used with a C-O bond length of 1.163 Å. The wave 
functions of the molecular orbitals of CO2 are calculated by the 
density functional theory method employing B3LYP hybrid functional 
[191,192] with cc-pVTZ basis set [193]. If lbmax and lcmax denote the 
upper limits of the angular momentum in the partial wave expansions 
for the bound orbital and continuum wave functions, respectively, the 
convergence is reached with lbmax = 10 and lcmax = 18 in our 
calculations. In the single-center expansion, r ranges from 0 to 8.47 
a.u. with increasing step size from 0.01 to 0.128 a.u. The convergence 
of the numerical spherical average is achieved with the Euler angle 
mesh Nα = 6, Nβ = 10, Nγ = 20, where Nα, Nβ, and  Nγ represent the 
number of points for the Euler angles α, β and γ, respectively. 
 
 
            
 
                        
Figure 6.2: The CO2 1πg (a), 1πu (b), and 3σu (c) orbitals in position 
space. The central sphere is the carbon atom, the two spheres on either 
side are the oxygen atoms. (d), (e) and (f) are the respective 
momentum space densities. 




6.4 Results and Discussions  
 
The TDCS is analyzed for different fixed scattering angles of the 
outgoing fast electron and over a large range of emission angles of a 
slow electron. A schematic diagram illustrating the observed 
kinematic geometries and an exemplarily TDCS is presented in Figure 
6.3 (a).  The projectile with momentum k0 enters from the bottom and 
is scattered to the left with momentum k1. These two vectors define 
the scattering xz-plane as indicated by the red solid frame in Figure 
6.3 (a). For asymmetric energy sharing as it is the case in the present 
study the fast outgoing electron can be safely considered as the 
scattered projectile and the momentum transferred to the target q 
indicated in Figure 6.3(a) is defined as q = k0 – k1. The TDCS is 
plotted as function of the slow electron emission direction as three-
dimensional surface. For a quantitative comparison of the 
experimental and theoretical results over a large range of the measured 
phase space we present cuts through the three-dimensional TDCS for 
three different planes of the low energy electron as indicated in Fig. 
1a. In the coplanar xz-plane the slow ejected electron is detected in the 
scattering plane (red solid frame). The perpendicular yz-plane contains 
the incoming beam axis and is perpendicular to the scattering plane 
(green dotted frame). Finally, the full perpendicular xy-plane is 
perpendicular to the incoming projectile beam axis (blue dashed 
frame).  
 






Figure 6.3: (a) Illustration of the scattering kinematics with incoming 
projectile momentum k0 along the z-axis and scattered projectile with 
momentum k1 and scattering angle 1 defining the xz-plane (red solid 
frame). The perpendicular (yz) and the full perpendicular (xy) planes 
are indicated by green (dotted) and blue (dashed) frames, respectively. 
The MCDW-WM cross section is shown for 1 = -20° and E2 = 5 eV. 
(b) - (d): The MCDW-WM cross sections for the individual orbitals 








The TDCS for these three geometries as function of ejected electron 
emission angle 2 are presented in the Figures 6.4-6.6. For each 
geometry particular values for ejected electron energy of E2 = 5 eV, 8 









 are chosen. The data are integrated over an out-of-plane 
angular range of ± 10

. The experimental data are compared to the 
MCDW and MCDW-WM results. For the MCDW theory not 
including PCI, the TDCS for the individual orbitals 1πg, 1πu, and 3σu as 
well as their sum are presented in the diagrams.  
 
By multiplying the MCDW data with the Ward-Macek factor (WM) to 
obtain the MCDW-WM result the cross section is scaled down 
depending on the mutual emission directions and relative magnitudes 
of the momenta of both electrons such that PCI is approximated. For 
normalization of the relative experimental data to the theory the 
absolute scale of the MCDW theory was considered to be relevant 
since it is known that inclusion of the WM-factor does not maintain 
the normalization of the total cross section. On the other hand as will 
be discussed below and as is visible in Figure 6.4(a) the shape of 
MCDW-WM is in much better agreement with experiment than 
MCDW. Therefore, we scaled the MCDW-WM results such that they 
are in agreement with the MCDW calculation in the vicinity of 2 = 
180
◦
 of Figure 6.4(a). Here the difference of both models should be the 
smallest since both final state electrons are ejected approximately 
back-to-back and, therefore, PCI is minimal. This scaling factor was 
1.73 for all geometries. Then the experimental data for the scattering 
plane and 1 = -5

, E2 = 5 eV were scaled to the MCDW-WM 
calculation for achieving the best visual fit [Figure 6.4(a)]. The same 
factor was subsequently applied to the experimental data of all other 













Figure 6.4(a)-(d): Scattering (xz) plane triple-differential cross 
sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of CO2 
as a function of the ejected electron emission angle 2 for scattering 










 and for ejected-electron energies E2 = 
5 eV. Experimental data (solid circles with error bars) and theoretical 
results from MCDW-WM (thick magenta line), and MCDW (thin red 
line) are summed TDCS. Individual TDCS for 1πg (green dashed line), 
1πu (blue dotted line), and 3σu (cyan dash dotted line) orbitals are 
obtained by MCDW method. The vertical arrows indicate the 













Figure 6.4 (continued): (e)-(h): Scattering (xz) plane triple-differential 
cross sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of 
CO2 as a function of the ejected electron emission angle 2 for 








  and for ejected-electron 
energies E2 = 8 eV. Experimental data (solid circles with error bars) 
and theoretical results from MCDW-WM (thick magenta line), and 
MCDW (thin red line) are summed TDCS. Individual TDCS for 1πg 
(green dashed line), 1πu (blue dotted line), and 3σu (cyan dash dotted 
line) orbitals are obtained by MCDW method. The vertical arrows 











Figure 6.4(continued): (i)-(l): Scattering (xz) plane triple-differential 
cross sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of 
CO2 as a function of the ejected electron emission angle 2 for 








 and for ejected-electron 
energies E2 = 15 eV. Experimental data (solid circles with error bars) 
and theoretical results from MCDW-WM (thick magenta line), and 
MCDW (thin red line) are summed TDCS. Individual TDCS for 1πg 
(green dashed line), 1πu (blue dotted line), and 3σu (cyan dash dotted 
line) orbitals are obtained by MCDW method. The vertical arrows 
indicate the momentum transfer direction +q and its opposite -q.    




The Figure 6.4 (a)-(l) presents the TDCS in the xz-scattering plane, 
i.e. the coplanar geometry which contains the momentum transfer 
vector q. Its direction as well as its opposite direction is indicated in 
the diagrams by the arrows labeled +q and -q, respectively. It is 
observed that in the coplanar geometry the TDCS has generally a two-
lobe structure. One lobe is oriented roughly along the direction of the 
momentum transfer q. This lobe is well known as binary lobe and is 
due to a single binary collision between the projectile electron and the 
bound target electron. The second (recoil) lobe is found approximately 
opposite to the momentum transfer direction. Here the outgoing slow 
electron backscatters in the ionic potential [18, 164]. In order to better 
understand the shapes and widths of the lobes we consider ionization 
for the moment as the result of a pure first-order binary collision of 
the projectile and the target electron and neglect all further 
interactions in the initial and final states. Then, the ejected electron 
momentum is simply the sum of its initial momentum in the bound 
state and the momentum transfer q. Thus, the emission pattern is 
strongly influenced by the momentum profile of the ionized orbital. 
E.g., for ionization of orbitals with p-character which have a node for 
zero momentum there will be no ionized electrons observed for the 
momentum vector k2 being equal to the momentum transfer vector q.  
Thus, for this so-called Bethe-ridge kinematics with |k2| = |q| a cross 
section minimum in the binary peak should be found such that the 
binary peak shows a two-maximum pattern. In Table 6.1 the absolute 
values k2 and q are listed for all scattering kinematics shown in 
Figures 6.4-6.6. We see, e.g., for E2 = 15 eV that for small scattering 
angle 1 Bethe-ridge kinematics is not fulfilled and in Figure 6.4(i) the 
theoretical cross sections for the all the individual orbitals show a 
single binary peak. For increasing 1 Bethe-ridge kinematics is 
approached and the p-character of the orbitals shows up in form of a 
double-lobe binary peak. In accordance with the maximum positions 
of the different momentum profiles mentioned above and shown in 
Figure 6.2(d)-(f) the angular separation of the lobes is largest for the 
1πg orbital and smaller for the 1πu and 3σu orbitals. This is visible in 
particular for large scattering angle 1. For the 3σu orbital there is even 
an indication of the second higher momentum peak of the momentum 




profile at 2 = 130° and 330°. Interestingly these features originating 
from the orbital momentum profiles become more pronounced if q 
exceeds k2 as it is the case in panels (h) and (d) of Figure 6.4. On the 
other hand, at low energy E2 additional distortion effects, e.g., due to 
the molecular ionic potential become visible in form of a third 
maximum developing in the middle of the binary peak for the 1πg 
orbital. The recoil peak is more difficult to understand since in most 
cases it is a rather structure less single peak except for 1πu where for 
large q there is also an indication of a double peak. The relative recoil 
lobe magnitudes vary for the three orbitals with generally large 
intensities for 1πg and for 1πu and a clear minimum for 3σu as if there 
is a deconstructive interference of different contributions right at the -
q direction. For one case (1 = -20

, E2 = 5 eV) the three-dimensional 
MCDW-WM results for the individual orbitals are shown in Figure 
6.3(b)-(d). Here, the central maximum in the 1πg binary peak is 
obvious. For 3σu the deep minimum in the binary peak as well as its 
secondary maximum is visible which should not be confused with a 
recoil peak.  
For the summed TDCS (MCDW sum) some details of the individual 
orbitals’ TDCS naturally average out as it is the case for the third 
maximum in the center of the 1πg binary lobe and the maxima at 130° 
and 330° of the 3σu TDCS [Figure 6.4(c)- (d)]. Nevertheless, the 
one/two lobe pattern of the binary peak and partly also of the recoil 
peak [Figure 6.4(d)] is retrieved. Inclusion of PCI strongly modifies 
the emission pattern as can be seen in going from the MCDW-sum to 
the MCDW-WM results. PCI is particularly strong for small 
momentum differences of both outgoing electrons, i.e., for small 
relative emission angles and more symmetric energy sharing. 
Therefore, the PCI-induced suppression of the binary peak is reduced 
for increasing projectile scattering angle 1. This is seen by going 
from the diagrams of the first row in Figure 6.4 to the last row since 
the angular separation of q and the scattered projectile increases. E.g., 
the angular separation is 38° in panel (a) while it is 82° in panel (d). In 
all cases the binary maximum at small angle 2 is strongly scaled 
down such that the double lobe pattern turns into a single lobe for 1 = 




-5°. At 1 = -10° a residual shoulder shows up and only for 1 = -20° 
there is a clear second lobe in the binary peak pattern.   
 
 
E2 = 5 eV 
k2 = 0.61 a.u. 
E2 =8 eV 
k2 = 0.77 a.u. 
E2 = 15 eV 
k2 = 1.05 a.u. 
1 = -5° 0.36 a.u. 0.40 a.u. 0.50 a.u. 
1 = -10° 0.53 a.u. 0.55 a.u. 0.62 a.u. 
1 = -15° 0.73 a.u. 0.74 a.u. 0.79 a.u. 
1 = -20° 0.94 a.u. 0.94 a.u. 0.97 a.u. 
Table 6.1: The momentum q transferred by the scattered projectile to 
the target for all values of the projectile scattering angle 1 and the 
ejected electron energy E2 (momentum k2) of Figures 6.4-6.6.    
 
 
Comparing the experimental results to theoretical predictions from 
MCDW-WM, we see that the calculations generally show good 
agreement with the experimental data concerning the shape of the 
cross section pattern in the scattering plane geometry. Clearly 
inclusion of PCI is mandatory to reproduce the TDCS since the 
MCDW results in all cases strongly overestimate the relative size of 
the binary peak in particular for small 1 angle. The magnitude of the 
experimental TDCS at larger scattering angles and higher ejected 
energies are overestimated by the MCDW-WM calculations, see e.g. 
Figure 6.4 (h) for 1 = -20
◦
 and E2 = 8 eV, Figure 6.4(k) for 1 = -15
◦ 
and E2 = 15 eV and Figure 6.4(l) for 1 = -20
◦










Figure 6.5(a)-(d): Perpendicular (yz) plane triple-differential cross 
sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of CO2 
as a function of the ejected electron emission angle 2 for scattering 








  and for ejected-electron energies E2 = 
5 eV. Experimental data (solid circles with error bars) and theoretical 
results from MCDW-WM (thick magenta line), and MCDW (thin red 
line) are summed TDCS. Individual TDCS for 1πg (green dashed line), 
1πu (blue dotted line), and 3σu (cyan dash dotted line) orbitals are 
















Figure 6.5(continued):(e)-(h):Perpendicular (yz) plane triple 
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 8 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 












Figure 6.5(continued): (i)-(l): Perpendicular (yz) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 15 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 




The Figure 6.5(a)-(l) shows TDCS for the yz-plane (perpendicular 
plane), which is perpendicular to the scattering plane but contains the 
incoming projectile momentum k0. For this plane, symmetry 
considerations require the cross sections to be symmetric about at 2 = 
180
◦
 which can be seen in both theory and experiment. In cases where 




the polar angle of the momentum transfer is large (ideally q = 90°) 
this plane probes the TDCS in the minimum in between the binary and 
the recoil peaks. Since these structures are due to a first order 
projectile target interaction the perpendicular plane regularly is 
studied in order to identify higher order contributions to the TDCS. 
Therefore, the TDCS in this plane can be a critical test of theory 
[194]. In the present case the perpendicular plane cuts through the 
binary peak in the forward direction for small angle 2 ≈ 0°/360° and 
through the recoil peak for 2 ≈ 180°. Therefore, in the MCDW result 
there is a strong maximum in the forward direction and a second 
weaker one in the backward direction. At 2 ≈ 0°/360° PCI strongly 
scales down the binary peak such that the maximum turns into a 
minimum in the MCDW-WM result. Experiment has access to the 
angles in between both peaks where for larger E2 two maxima are 
observed in experiment and for MCDW-WM theory in the angular 








, respectively. The MCDW-
WM calculations show rather good agreement with the experimental 
data concerning both the angular dependence of the cross sections and 
the relative magnitude over the entire range of angle and energy 
conditions analyzed. Noticeable differences occur for E2 = 5 eV 
[Figures 6.5(a)-(d)] where the MCDW-WM predicts less structure 
than is indicated in the experimental data. Also for the higher energies 
E2 = 8 eV and 15 eV in the vicinity of the recoil peak close to 2 = 
180

 the theoretical results are too large. A remark should be made 
concerning the maxima around 2 = 90

 and 2 = 270
 
which have 
been observed regularly before for other targets like Ne, He, H2 [27, 
81] and as mentioned above could be considered as resulting from 
higher order projectile-target interaction. MCDW is a first order 
model and as expected we see no indication of these maxima in the 
MCDW results. On the other hand maxima appear after multiplication 
with the WM factor. In the present case the maxima result from the 
steep rise of the MCDW TDCS for approaching the binary peak (2 → 
0°/360°) and the counteracting downscaling of the TDCS due to PCI 
around 2 ≈ 0°/360°. Since PCI can be considered as a higher order 
projectile-target interaction the previous interpretation in this sense is 
correct. 







Figure 6.6(a)-(d): Full Perpendicular (xy) plane triple-differential 
cross sections (TDCS) for ionization of the 1πg, 1πu, and 3σu orbitals of 
CO2 as a function of the ejected electron emission angle 2 for 








 and for ejected-electron 
energies E2 = 5 eV. Experimental data (solid circles with error bars) 
and theoretical results from MCDW-WM (thick magenta line), and 
MCDW (thin red line) are summed TDCS. Individual TDCS for 1πg 
(green dashed line), 1πu (blue dotted line), and 3σu (cyan dash dotted 










Figure 6.6(continued):(e)-(h): Full Perpendicular (xy) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 8 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 













Figure 6.6(continued):(i)-(l): Full Perpendicular (xy) plane triple-
differential cross sections (TDCS) for ionization of the 1πg, 1πu, and 
3σu orbitals of CO2 as a function of the ejected electron emission 








 and for ejected-
electron energies E2 = 15 eV. Experimental data (solid circles with 
error bars) and theoretical results from MCDW-WM (thick magenta 
line), and MCDW (thin red line) are summed TDCS. Individual TDCS 
for 1πg (green dashed line), 1πu (blue dotted line), and 3σu (cyan dash 
dotted line) orbitals are obtained by MCDW method.  
 
 
In the full-perpendicular plane (xy plane), which is perpendicular to 
the incoming projectile direction, the ejected electron’s polar angle is 
fixed to 2 = 90
◦





In this plane experimentally the full 2 angular range is accessible. In 
Figures 6.6(a)-(l), experimental TDCS and theoretical results for the 




full-perpendicular are compared. Again the cross sections are 
symmetric with respect to 180

. The binary and recoil peaks are 




, respectively. The 
theoretical predictions of MCDW-WM and MCDW models in this 
plane are in reasonable agreement with the experimental data except 




 again for 
the kinematics of larger scattering angles and higher ejected electron 
energies. In Figures 6.6 (a)-(l), the shapes of the two theories are 
almost identical and only the magnitude differs from each other. This 
shows an interesting property of the perpendicular plane namely for 
small projectile scattering angles 1 PCI is rather small and almost 
constant over the entire angular range 2.  
 
Finally, it is informative to compare the present results for the CO2 
molecule to those for Ne(2p) ionization.  Ne(2p) was measured before 
by Pflüger  and coworkers under very similar kinematical conditions 
as in the present case [172]. The momentum profile of Ne(2p) has a 
single maximum at k = 0.83 a.u. [53] and, therefore is very similar to 
the spherically averaged momentum profiles of the 1πg and 1πu orbitals 
with single maxima at k = 0.8 a.u. and 0.65 a.u., respectively. In the 
scattering plane the neon TDCS resembles the CO2 TDCS in its 
general pattern but the TDCS variations of the binary peak are more 
pronounced. As, e.g., the central minimum is deeper and for Bethe-
ridge conditions it goes almost down to zero. This shows that strong 
molecular effects are present for the CO2 target. An example is 
scattering of the incoming and outgoing waves in the more complex 
multi-center potential which in the present MCDW model is described 
by a distorted wave. Moreover these distortion effects also depend on 
the details like the symmetries of the ionized orbitals, such that the 











Electron-impact ionization  
of small water clusters  
 
In this chapter, we summarize the results of the third experiment in 
which the ionization and fragmentation of small water clusters 





2] ions and protonated 








) are  identified in 
the measured fragment ion time-of-flight spectrum. The ionization and 
fragmentation channels for formation of these species are investigated 
by measuring the ion kinetic energy distributions and the binding 
energy spectra.  
 
7.1 Overview 
Water is ubiquitous on earth and surrounds all biological matter. 
Understanding the electron-driven processes in aqueous systems is of 
great importance because they can efficiently form highly reactive 
radicals and charged species, which have crucial roles in a variety of 
fields, such as radiation chemistry, reactive plasmas, atmospheres and 
environment [196, 197]. In medical radiation therapy, it is well-known 
that an important part of DNA damage is produced via the action of 
secondary electrons with initial kinetic energies below 100 eV. These 
are produced in large quantities by high-energy ionizing radiation 
(~5×104 electrons by a 1 MeV deposited energy) and lead to hardly 
repairable clustered damages in DNA due to their short range and high 




cross sections [101, 198]. Water clusters are one of the most important 
hydrogen bonded systems because of their unique role in both 
fundamental research and a wide range of applied fields. Experimental 
studies on the ionization of water clusters were so far mostly 
investigating the yields of different fragmentation channels by 
photoionization, performed by time-of-flight mass spectroscopy [199-
207].  All of them observed that the cluster mass spectra are dominant 
by the protonated clusters, which correspond to a very fast 
rearrangement dynamics initiated by a proton transfer. Only when an 
argon cluster is attached to a water cluster, nonprotonated water 
cluster ions were observed with a higher intensity than protonated 
water cluster ions [208, 209]. Here internal excitation energy can be 
given away by evaporating Ar atoms and the cluster ion can cool 
down. The photoionization results show sharp drop in the appearance 
energy for small water cluster ions from H2O to (H2O)4, followed by a 
gradual decrease for clusters up to (H2O)23 [205]. This shows the 
behavior of the first ionization potential in going from single 
molecules to the bulk. In recent works, photoionization experiments 
have investigated the inner-shell ionization of water in the water dimer 
[210] in larger water clusters [211] and in liquid water [212] and have 
found that the system decays by releasing low energy electrons and a 
pair of energetic ions via the recently discovered intermolecular 
Coulombic decay (ICD) processes [213-215]. Compared to the 
abundant studies of water clusters using photon absorption, electron-
collision induced ionization experiments on water clusters are, so far, 
rarely studied. Existing experiments were mostly performed by means 
of time-of-flight mass spectroscopy to investigate the yields of 
different fragmentation channels and their appearance energies [216-
218] which represents the minimum ionization energy for the 
production of a specific fragment ion.  
In contrast our electron-electron-ion triple coincidence technique or (e, 
2e + ion) method can identify not only the channel with the least 
ionization energy but all channels whose ionization energy is below 
the incident electron energy E0 causing specific cations. In the present 
work, small water clusters, generated in a supersonic expansion, are 
ionized by electron impact (E0 = 81 eV). The ionization and 




fragmentation processes of water clusters are studied utilizing the (e, 
2e + ion) method. We measure the kinetic energies of two final-state 
electrons together with one resulting cluster cation, e.g. the protonated 
hydronium ion (H3O
+
), Zundel-type ion (H5O2
+





 and the non-protonated water dimer ion (H2O)
+
2. The 
kinetic energy distribution for a specific cluster ion and the 
corresponding BE spectrum are obtained and compared to the results 
from the ionization of water monomer (H2O). These results provide 
new insight on the hydrogen bonding of neutral water clusters. 
 
7.2 Measurement procedure  
 
The details of the experimental procedure are described in the chapter 
3. Here, a short note of the experimental method for a particular target 
gas of water clusters (H2O)n is mentioned. A well-focused (≈ 1 mm 
diameter), pulsed electron beam with an energy of E0 = 81 eV was 
crossed with a continuous supersonic water gas jet. The pulsed 
electron beam is emitted from a photoemission electron gun, in which 
a pulsed ultraviolet laser beam (λ = 266 nm, ∆t < 0.5 ns) illuminates a 
tantalum photocathode [30]. The energy and temporal width of the 
electron pulses are about 0.5 eV (∆E0) and 0.5 ns (∆T0), respectively. 
Water clusters are formed in a supersonic gas expansion of 1 bar of 
helium with seeded water vapor (liquid water maintained at 80 degree 
Celsius giving rise to about 400 mbar vapor pressure) through a 30 µm 
nozzle orifice. The gas beam is collimated by two skimmers with 200 
µm diameter aperture at its apex, and located approximately 2 cm 





 ratio of about 5 % from the measured ion time-of-flight 
spectrum (Figure 7.2). We estimate the relative fraction of all clusters 
to be about 10 % of the monomers. Again experimental data were 
obtained using the triple coincidence detection of two outgoing 
electrons (e1 and e2) and one fragment ion. 
 




7.3 Results and Discussions 
Liquid water is characterized by a complex hydrogen bond network 
with unique properties. By studying small water clusters of increasing 
size one can get insight how these properties emerge from the 
individual water molecule behavior. For the water monomer the 
valence shell electronic configuration of the ground state (C2v 
geometry) is written as  
                                2 2 2 2
1 2 1 1(2 ) (1 ) (3 ) (1 )a b a b                                    (7.1) 
The reported valence electron binding energies of water monomer are 









 states [219] respectively.  
Earlier studies have analyzed the fragmentation pathways for 
ionization of H2O in the above listed four outer orbitals [225]. The 
branching ratios to the different possible fragment ions are shown in 
Figure 7.1. The water molecular ion is stable for ionization in the 
upper two orbitals 1b1 and 3a1 while removal of a 1b2 most likely 
which give rise to emission of H (OH
+
 channel) or H
+
. The inner 







Figure 7.1: Breakdown diagram for photoionization and dissociation 
of H2O according to [225]. 
H2O
1b1 3a1 1b2 2a1
H2O
+ OH+ H+ O+




The measured ions time-of-flight (TOF) spectrum of 81 eV electron-
impact ionization of water monomers and small clusters is presented 
in Figure 7.2.  









 at smaller TOF is found (not 
shown). The ions with larger masses beyond H2O
+
 originate from 









) are by far the major species obtained in 
the ionization process of clusters, only the nonprotonated water 
species corresponding to  (H2O)
+
2 is observed. 
 
 
Figure 7.2: Fragment ion time-of-flight (TOF) spectrum of small 
water clusters produced by electron-impact ionization. Shaded area 
represents TOF region without experimental detection. The inset 
shows the water dimer ion on an enlarged TOF scale. 
 
In our experiment, the H7O3
+
 cation is not visible due to the TOF 
dead-time for the detection of fragment ions which is related to the 
pulsing of the electric spectrometer field. Protonated water clusters are 




produced by a fast proton transfer reaction and loss of OH from the 
cluster following the ionization process [205]. 
While the protonated ions clearly stem from dissociation of clusters 





 might originate from both, pure ionization forming the 
parent ions or from ionization and dissociation of larger clusters. Clear 
conclusions on this can be drawn from the measured kinetic energy 




 as presented in Figure 7.3. 
The averaged KEs are very small and amount to 4.5 meV for H2O
+
 
and 6.5 meV for (H2O)2
+
. These values are much smaller than what is 
regularly seen for dissociation, e.g. for the protonated species (see 
below).  On the other hand the momentum transfer from the projectile 
in the ionizing collision leads to estimated recoil energies which are 
even smaller around 1 meV. Therefore, the observed KEs reflect the 
instrumental KE resolution for the ions which is due to the finite 
temperature of the target gas and to the finite source volume of the 
ions. From the mean KE of 4.5 meV one obtains an upper limit of 35 





 demonstrates that these ions stem from the 
parent monomers and dimers, respectively and not from dissociated 
larger clusters. 










The spectra are normalized to unity at the peak maximum. 
 
More information on the ionization channels leading to specific 
cluster ions is obtained by the coincident measurement of the ion 
kinetic energy distribution and the BE (E0 - E1 - E2) spectrum. The BE 
observed in our experiment represents the vertical Franck-Condon 
transition energy from the neutral initial state to the ionic final state. 
Here, the energy scale of the spectra is calibrated with a BE 
measurement of the Ar(3p) orbital. An energy width of ∆E = 2.5 eV 
(FWHM) has been obtained, which reflects the BE resolution in the 
present experiment.  
Figure 7.4(a), and 7.4 (b) present the BE spectra obtained for the 




, respectively. The 
measured BE spectra are analyzed with a Gaussian fitting procedure. 
The widths of Gaussian functions are determined from considering 
line broadening and the instrumental resolution. The peak positions 
are not fixed but fit parameters. Thus, information on the binding 
energy can be obtained. For H2O
+
, two peaks are observed at BE = 
12.6 eV and 14.8 eV, which correspond to the literature vertical 
ionization energies of the 1b1 and 3a1 orbitals of water monomer [219] 
respectively.  





Figure 7.4:  The measured BE spectra corresponding to the ionization 
of water monomer H2O
+
 (a), and water dimer (H2O)
+
2 (b) induced by 
electron collision (81 eV). The open circles and open squares are the 
experimental data. The dashed lines are fitted Gaussian peaks 
corresponding to different ionization channels and the solid lines are 
the sum of the fits. The spectra are normalized to unity at the peak 
maximum and they are offset for better visibility. 
 
Consistently with the scheme in Figure 7.1 ionization of the upper two 
orbitals leads to stable parent water ions. There might be a small ion 
signal around 18 – 19 eV corresponding to ionization of the 1b2 orbital 
which mainly leads to H + OH
+
  or H
+
 + OH fragments. 
For (H2O)2
+
, the measured BE spectrum shows two peaks at BE = 
11.5 eV and 14.2 eV. Both peaks are below the corresponding BE of 
the water monomer. According to theoretical calculations the two 
water molecules in a water dimer (H2O)2 are not equivalent. The 
geometrical structure of the water dimer is shown in the inset of 
Figure 7.4 (a). A hydrogen bond is formed between one hydrogen 




atom of one molecule and the oxygen atom of the other molecule. 
This bond slightly shifts the position of the hydrogen atom away from 
the so-called donor molecule closer to the neighboring acceptor 
molecule. As result of the different roles of the water molecules the 
valence orbital binding energies are slightly different for the H-donor 
and the H-acceptor. This differentiation is not valid for the larger 
clusters since there the molecules can geometrically arrange such that 
each one is donor and acceptor at the same time. As result the valence 
orbital binding energies are similar for all molecules. 
For the ionization spectra of the water dimer (H2O)2 [214, 215, 220, 
221] the two observed peaks at BE = 11.5 eV and 14.2 eV correspond 
to the ionization energies of the 1b1-type and 3a1-type orbitals of the 
so-called hydrogen-bond donor (H-donor) molecule. The binding 
energy spectrum indicates that the non-dissociated (H2O)2
+
 cation is 
formed by removing an electron from the H-donor molecule, as 
described by 
 
                            
2 2 2( ) 2 .[ ... ]e H O e H O H OH
                      (7.2) 
Where H· · · OH represents the H-donor molecule of water dimer.  
The general knowledge so far was that the H-donor molecule after 
ionization can be stable only if the excess energy is below 0.52 eV 
[199]. For higher internal energies an activation energy barrier can be 
overcome and the ion dissociates under OH emission and H3O
+
 is 
formed. Compared to the previous appearance energy (AE) studies of 
the (H2O)2
+
 cation, the obtained AEs of 11.21 eV by Ng and 
coworkers [199] and 10.87 eV by Shiromaru and coworkers [201] are 
consistent with the observed first BE peak (11.5 eV) in the present 
experiment. Since the AE technique mainly shows the energetic onset 
of a particular ion channel it does not give clear information if 
ionization of more strongly bound orbitals can lead to the same ion. 
This can be a reason why the second BE peak around 14.2 eV was not 
observed before. While in the present study the exact position of this 
line has some uncertainty from low statistics and finite energy 




resolution its presence is clear. Therefore, we have determined the 
binding energy of the donor 1b1-type orbital and furthermore we have 
identified a new reaction channel leading to stable dimer ions.  
 
 









. The spectra are normalized to unity at the peak maximum and 
they are offset by multiples of 0.2 for better visibility. 
 
For the protonated water clusters kinetic energy distributions are 









the averaged KEs amount to 83 meV, 69 meV, 53 meV and 44 meV, 







similar shape except that the KE shifts to lower value for the cluster 
ions with larger size. While the KE distribution for H3O
+
 shows a 
relatively narrow peak ranging up to about 0.06 eV and a broad tail at 
larger KE region (above 0.06 eV). It is generally accepted that stable 
unprotonated (H2O)n
+
 species cannot be produced by ionization via a 
Franck-Condon transition starting from the equilibrium neutral cluster 
geometry [208]. The stable cluster ion (H2O)n
+
 exists but its 




geometrical structure is rather different from the neutral cluster. For a 
fast vertical transition only points on the ions’ multi-dimensional 
potential energy surface can be reached which are above the proton-
transfer energy. Therefore, at least one OH group is emitted for 
ionization of the HOMO orbital. If there is more excess-energy 
available neutral water molecules can be evaporated additionally. 
From the above averaged KEs one can deduce the kinetic energy 
release in the dissociation assuming the two-body decay  
𝑒− + (𝐻2𝑂)𝑛 → (𝐻2𝑂)𝑛−1𝐻
+ + 𝑂𝐻 + 2𝑒−. (7.3) 








 the values 176 meV, 
219 meV, 280 meV and 280 meV. For the larger ions the KER seems 
to converge to a common value which can be a signature that these 
ions are produced mainly by reaction (7.3) with a fixed KER of 280 
meV. If additionally more H2O are emitted this contributes to the 
smaller cluster ions yields. Furthermore, the contribution of larger 
clusters decaying into these channels is also small given that the 
cluster size distribution is strongly peaked at small clusters. For the 
same reasons the KER value for H3O
+
 is different and the distribution 
has a particular shape since the neutral water emission reactions must 
end here. 














 (d) and H11O5
+
 (e) in the BE 
range from 5 eV to 45 eV. 
 
 




In Figure 7.6, the BE spectra are presented for the protonated water 
clusters. For comparison the spectrum for H2O
+
 is also included in 
Figure 7.6 (a). Three BE peaks are observed for formation of the 
protonated water clusters which can be attributed to the ionization of 
the 1b1-type, 3a1-type and 1b2-type orbitals. The BE spectrum for 
H3O
+
 in Figure 7.6 (b) is very similar to the larger cluster ions and can 
be understood as consisting of the same lines except that the relative 
intensities of the peaks at BE = 15 eV and 18.2 eV are slightly higher 
than the peak at BE = 12.5 eV whereas for the larger cluster ions these 
lines are significantly reduced in intensity. The BE of H3O
+
 is not 
consistent with the calculated BE spectra of water dimers for H-donor 
(11.90 eV and 14.21 eV) and H-acceptor (13.25 eV and 15.77 eV) 
[214, 215] and also our measured ionization spectra for H-donor (11.5 
eV and 14.2 eV). These observations indicate that at least a large part 
of the H3O
+
 ions are formed from the ionization of larger water 
clusters (H2O)n (n≥3) and subsequent fragmentation. This 
interpretation is in agreement with our above discussion on the KER 
values and is supported by the line intensities. The comparatively low 
3a1 and 1b2 line intensities for the larger ions and the higher intensities 
for H3O
+
 ion can follow from the higher electronic energy of these 
ions. In larger molecular systems electronic excitation energy can 
quickly by transformed into vibrational energy by internal conversion. 
This can lead to the emission of several water molecules until the 
stable H3O
+
 ion is reached as described by the process in Equation 
(7.4) for the proton transfer channel. 
𝑒− + (𝐻2𝑂)𝑛 → (𝐻2𝑂)𝑛−𝑚−1𝐻
+ + 𝑂𝐻 + 𝑚 𝐻2𝑂 + 2𝑒
−.    (7.4) 
Here the ionization of water cluster (H2O)n triggers a fast proton 
transfer process in the ionized water cluster (H2O)n
+
 which dissociates 
into a H3O
+
 ion, a neutral OH radical and several a neutral H2O 
molecules. 
The same process is observed in a very clear way for the ionization of 
the 2a1-type orbital and the ionization excitation satellite states of 
water clusters which results in a broad BE band from 27 eV to 45 eV 
for H3O
+
. This band is completely absent for the larger ions. 




Therefore, it can be concluded that for inner valence ionization there 
is sufficient energy available to completely evaporate all water 
molecules of the cluster ion such that H3O
+
 is produced only.  
A mechanism for providing the required energy also can be the initial 
dissociation process. Ionization of the inner orbitals 1b2 and 2a1 even 
for the monomer can lead to proton emission. This is also confirmed 
by our BE spectrum for the product H
+
 in Figure 7.7 which shows a 
peak at BE = 19.2 eV and a broad band from 27 eV to 45 eV. This 




 states and the ionization-excitation 
satellite states of water monomer are responsible for formation of the 
H
+
 ions possibly with high kinetic energies.  
 
 
Figure 7.7: The measured BE spectra corresponding to the product H
+
 
from the ionization of water monomer in the BE range from 5 eV to 
45 eV. 
  
Finally, in the BE spectra in Figure 7.6 we observe that the first BE 




 towards lower values from 
12.3 eV to 11.8 eV. This feature is consistent with the results in 
photoionization of water clusters by the AE experiments [205] and ab 




initio calculations [206]. There is a continuous reduction of the 
binding energy of the valence orbital in going from small to large 
clusters and finally to liquid water where the work function is 9.9 eV. 
Reasons are the twofold. Firstly, there is the delocalization of the 
electrons charge among neighboring water molecules. This concerns 
in particular the charge of a positive ion which becomes distributed.  
Secondly, in the bulk the water environment which consists from 
polar molecules can be considered as a dielectric medium which is 
polarized in the vicinity of a positive charge. As calculations show 
both effects give rise to a reduction of the ionization energy [206]. 
 
7.4 Summary 
In summary we have performed an (e, 2e + ion) experiment for small 
water clusters. All final state charged particles - two electrons and one 
ion - were detected and their energies were obtained. The 
fragmentation channels were analyzed concerning ionic masses, 
ionized orbital binding energies and ion kinetic energies.  
A stable water dimer ion was observed. It was identified as the 
product of ionization of the hydrogen-donor in the neutral dimer in the 
1b1 HOMO orbital and the 3a1 HOMO-1 orbital. Since the latter was 
rather weak and observed for the first time we plan to do further 
measurements with better statistics and higher energy resolution. 
Additionally, confirmation and insight by quantum chemical 
calculations would be highly desirable. A possible explanation would 
be similar as for ionization of the 1b1 orbital.  Also for the 3a1 hole the 
ion might be stable for low excess energy. Furthermore, the molecular 
dynamics should be frozen such that no pathway is available to 
convert the electronic excitation energy to internal vibrational energy 
in order to overcome the reaction barrier for OH emission. 
The data from protonated cluster ions were consistent with proton 
transfer reactions. For ionization of the inner orbitals 3a1 and 1b2 
additional neutral water evaporation was identified by the relative 




intensities of the BE peaks for the different cluster ion sizes. Finally 
for ionization of the inner-valence orbital 2a1 all neutral water 
molecules are lost and the H3O
+





Conclusions and Outlook 
 
The main objective of this PhD thesis is to perform kinematically 
complete (e,2e+ion) studies at low impact energy in order to obtain 
insight into the ionization and fragmentation dynamics of small 
molecules and clusters. As target species we have chosen molecules 
which are relevant in technical applications, in the environment or in 
living matter and which, nevertheless, are of limited size and 
complexity. Therefore, theoretical ab initio calculations are feasible 
and their reaction dynamics can be conceived with state-of-the-art 
experimental methods. The work is split into three different parts: one 
for single ionization of the five atomic molecule CF4. Here emphasis 
is put on observing the fragmentation reactions and analyzing charge 
states, masses and the energetics irrespective of the particles’ angular 
emission patterns. The second part is carried out as a kinematically 
complete experiment for CO2 where the emission pattern and, thus, 
the ionized electron angular distribution is analyzed for various 
kinematical situations. From the triple differential cross sections 
insight into the reaction dynamics and the relevant interactions in the 
ionization process is be obtained. Moreover, ab initio theoretical 
results are tested. The third part concerns the electron-impact 
ionization and fragmentation of small water clusters. Since 
experimentally the target is prepared in form of a supersonic gas 
expansion the resulting low temperature naturally gives rise to cluster 
formation. Ionization of water clusters initiates a rich dynamics 
including structural changes, proton transfer processes, dissociation 
and neutrals emission which is investigated in detail by momentum 
resolved detection of all charged fragments. 
All experiments have been conducted with the same experimental 
apparatus, a reaction microscope which combines a well localized 
supersonic gas jet target, a nanosecond pulsed electron beam and a 
charged particle imaging spectrometer. The strength of this technique 
is its high efficiency for charged particle detection since essentially all 




ions and all electrons up to a certain energy determined by the 
extraction fields are registered. This high detection efficiency is 
mandatory for the feasibility of multi-particle coincidence studies as 
they are conducted in the present work. All experiments concern 
ionizing collisions and require the momentum resolved detection of 
two electrons and one ion for each single event. 
In the first experiment, we have presented an (e,2e+ion) triple 
coincidence study for ionization and fragmentation of CF4 induced by 
low energy electron impact at E0 = 67 eV and 38 eV. Fragment 
channel resolved binding energy spectra and KER distributions were 




. In addition partial 




 fragment essentially identical KER spectra are observed 
for the A , B ,C , and D  ionic states. This confirms that fast decay of 
the higher ionic states into the A   state is preceding dissociation. The 
higher C , and D states also dissociate into CF2
+
, and the KER 
distribution peaking at very low values for the C  state suggests a 
statistical decay. The D   state on the other hand shows rather high 
KER values around 1.5 eV suggesting a repulsive potential energy 
surface. The CF2
+
 ion is observed at the lowest possible energy around 
the dissociation energy of 19.2 eV. Possible explanations are that the 
excitation of high vibrational levels of the B  state or excitation of 




 nl). The two applied projectile 
energies of 67 eV and 38 eV show slightly different state resolved 





 we observe reduced relative intensity for 38 eV 
compared to 67 eV. This is consistent with the regular behavior of the 
electron impact cross section being zero at threshold and rising 
roughly linearly. Therefore, the energetically highest states which are 
closer to threshold are affected strongest from the threshold effects. 
Finally, we have confirmed resonance structures observed in the 
partial ionization cross sections for both dissociation channels without 
being able to draw a clear conclusion about their origin. In order to get 




more insight in future, we plan to collect data with higher statistical 
significance and analyze angular distributions of the outgoing 
electrons. This will allow, e.g. to analyze beta parameters which show 
characteristic changes in the vicinity of resonances. Altogether we 
have shown that the experimental technique of the reaction 
microscope enables (e, 2e + ion) triple coincidence studies which give 
detailed insight into electron impact induced ionization and 
dissociation of CF4. 
Secondly, we reported a combined experimental and theoretical study 
of the electron-impact ionization of CO2 for a projectile energy of E0 = 
100 eV. The three-dimensional momentum vectors of the final-state 
particles are determined using a reaction microscope. Experimentally, 
the summed triple differential cross sections (TDCS) for the ionization 
of 1πg, 1πu, and 3σu orbitals leading to a stable CO2
+
 cation are 
presented in the coplanar, perpendicular and full perpendicular planes.  
The measured TDCS are internormalized across all scattering angles 




, and ejected-electron energies of E2 from 5 eV to 
15 eV. The experimental TDCS were compared to predictions from a 
multi-center distorted-wave method (MCDW). The relative cross 
section of this model which is established within the basis of the first 
Born approximation with no inclusion of the post collision interaction 
(PCI) effects is significantly too high in the vicinity of the scattered 
projectile direction. The predictions from the MCDW-WM model, 
where PCI is accounted for via the Ward-Macek (WM) 
approximation, clearly improve the results. Given the complexity of 
the target and the fairly low collision energy of 100 eV, the overall 
agreement of the MCDW-WM theory is reasonable good. Most 
noticeable differences are at higher scattering angles and ejected 
electron energies where MCDW-WM overestimates the overall cross 
section. In the perpendicular plane geometry PCI could be identified 
to cause TDCS maxima outside the angular regions of the first order 
binary and recoil peaks.  
The present study of electron impact ionization of a three-atomic 
molecule demonstrates that a plane wave first Born formalism can 
give reasonable results even at rather low projectile energy if a 




number of requirements are observed. Firstly, strongly asymmetric 
energy sharing is chosen and secondly, PCI between the continuum 
electrons is considered. Furthermore, accurate initial bound orbitals 
are employed and the interaction of the ejected electron with the 
multi-center ionic potential is accounted for.   
Thirdly, we have presented the first (e, 2e + ion) study of electron-
impact ionization and fragmentation of small water clusters using a 
reaction microscope. The momenta and, consequently, the kinetic 
energies of all three final-state particles are obtained through the 
measurement of their TOFs and hit positions on the detectors. The 
ionization channels for the fragmentation processes of small water 
clusters have been identified from the measurements of the ion KE 
distributions and the BE spectra. The fragment ion products are 





 are observed in the present 
experiment which is consistent with the previous photoionization 
studies of water clusters by time of flight mass spectroscopy. It has 
been identified that the ionization of 1b1 and 3a1 orbitals of water 
monomer is responsible for the production H2O
+
. It is the first time 
that formation of (H2O)2
+
 is identified to be not only from ionization 
of 1b1-type orbital but also from the 3a1-type orbital of the H-donor 









, three major peaks are obtained in the BE spectra 
which can be attributed to the ionization of the 1b1-type, 3a1-type and 
1b2-type orbitals of water clusters. In addition, significant differences 
in the measured BE spectra are observed between H3O
+
 and the other 
protonated species where the intensities of the second and third BE 
peaks are slightly higher than the first peak for the product H3O
+
 while 
for the other protonated species these peaks are much lower than the 
first BE peak. This results from higher internal energy for 3a1 and 1b1 
ionization which enables evaporation of one or more neutral water 
molecules such that the respective BE peaks become weak for the 
larger cluster ions and stronger for the smaller cluster ions. For H3O
+
, 
additional contributions of the ionization of the 2a1-type orbital and 
the ionization-excitation satellite states of water clusters are observed 
in the larger BE region from 27 to 45 eV. Here the internal energy is 




so high that essentially all water molecules are released ending up in 
H3O
+
 ions only.  
The experiments presented give new insight into the electron collision 
induced ionization and fragmentation of molecules. While the applied 
experimental technique has many advantages one limitation is 
certainly its moderate energy resolution. In many cases the present 
energy resolution does not allow to clearly resolve the binding 
energies of close lying molecular states. This gets even more critical 
for larger molecules where the energy levels are more numerous and 
their energy spacing is smaller. Presently we work to improve the 
energy resolution. On one hand this can be achieved by choosing 
lower projectile energies which give lower energies of the final state 
electrons. At fixed electron momentum resolution of the reaction 
microscope this will lead to a better energy resolution. Furthermore, 
the reaction microscopes’ momentum resolution will be improved by 
means of a completely new imaging spectrometer with more 
homogenous extraction fields and larger size detectors. With these 
measures we aim to achieve a binding energy resolution clearly below 
1 eV such that, e.g., the valence orbitals for the CO2 molecule can be 
resolved. Also for water clusters the disentanglement of contributions 
from different cluster sizes would strongly profit from a more accurate 
identification of the binding energies. The new spectrometer was 




















A1: Atomic Units 
It is convenient to use atomic units, which is oriented on the scale 
given by the hydrogen atom and the bound electron. In the following 
table lists some of the factors for the conversion from SI units to 





SI units Special 







ħ= h/2π 1.0546 × 10
-34
 J. s.  
Charge e 1.6022 × 10
-19
 C  
Length  a0 5.2918 × 10
-11  
m 0.53 Å 
Energy  Eh 4.3597 × 10
-18
  J 27.2141 eV 
time ħ/Eh 2.4189 × 10
-17
 sec  
velocity v0 2.1877 × 10
6
  m/s  
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Table A.1.: Conversion factors for atomic units and relevant formulas 
scaled to appropriate units. 
 
Commonly in atomic physics, the scale of the SI system is ill-suited. 
On one hand, the energy scale is very small compared to the energies 
that usually occur, while on the other hand, the length scale is too 




large compared to the atomic scale. As a consequence, all units are 
adapted to the natural dimension of the hydrogen atom and the 
electron mass of me and charge of e. All these quantities listed in table 
A1 together with their conversion factor are assigned as one atomic 
unit with the abbreviation a.u. In addition, handy conversion formulas 
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